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Summary 
In nature, many types of living species flap their wings to fly. It may be considered 
one of the most graceful and efficient kinds of locomotion. The normal fixed wing 
aircraft simply cannot pit against them in terms of their excellent manoeuvrability 
and short takeoff capabilities. 
 
The objective of this project is to investigate the dynamics and control of an 
ornithopter. This project is a continuation of an undergraduate final year project 
(Tay, 2001) under the same title. In the project, factors affecting lift such as wing 
shape and material had been investigated. An electric-powered prototype 
ornithopter (EPO) which flew for 4 seconds had also been built. 
 
This current project aims to build a remote controllable EPO which can be airborne 
for more than 5 minutes. Membrane wings will still be used since it is simple and 
light. However, since it has a low efficiency, research will also be done to improve 
the performance of the wing in terms of material and torque requirement. Two new 
types of wings, namely the spring wing and the camber wing have also been 
designed to improve the performance of the EPO.  
 
Throughout the current project, many new EPOs have been built. The final EPO 
which uses the standard membrane wings can be airborne and it can stay in the air 
theoretically for around 8 minutes by calculating its current consumption. The 
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minimum amount of time required to prove that an airplane can sustain flight is 15 
seconds and a video clip is captured showing the EPO flying for around 20 seconds. 
Moreover, it can be remotely controlled.  
 
For the 2 new types of wings, although the new spring wing EPO does not have a 
higher payload than the normal EPO, it has a lower flight speed which can be 
advantageous in some situations. Unfortunately, the cambered wing EPO does not 
perform as well as expected. The 2 new types of wings are still in their infancy 
stages. Hence, more work needs to be done to improve their performance. 
 
In the past, the dimensions of different types of flapping mechanisms were chosen 
based on a trial and error method. In the design process of the new EPO, different 
flapping mechanisms have been analyzed to determine the best mechanism. 
Simulations are done to estimate the torque required to flap at a particular frequency. 
This has greatly simplified the motor and gearbox selection process. 
 
A computer program based on Delaurier’s (1993a) flapping wing model has been 
written to simulate the aerodynamic performance of flapping flight. The initial plan 
is to use the program to help in the design of the EPO. However, by the time the 
program was completed, the EPO has already reached the final stages of flight 
testing. Moreover, the wings used by the EPO are membrane wings, which is 
different from the rigid wing simulated in the program. Nevertheless, the program 
has enhanced our understanding of flapping flight and it can be used for further 
development of the EPO. 
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Nomenclature 
AR Wing aspect ratio 
b Wingspan 
c Aerofoil chord 
C(k)Jones Finite-wing Theodorsen function 
C’(k) Theodorsen function 
Cd Drag coefficient 
Cn Normal force coefficient 
Cm Moment coefficient 
D Drag 
Fx Net chordwise force  
F’(k), 
G’(k) 
Complex components of C’(k) 
g Acceleration due to gravity (9.81m/s2) 
h Plunging displacement of leading edge in flapping direction 
k Reduced frequency 
L Lift 
M Pitching moment 
m Mass 
N Force normal to wing’s chord 
P Power 
Re Reynolds number 
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S Surface area of wing 
T Thrust 
Ts Leading edge suction force 
U Flight speed 
V Relative flow velocity at ¼-chord location 
w0 Downwash velocity at ¾-chord location  
y Coordinate along semispan 
a Relative angle of attack at ¾-chord location due to wing’s motion  
a’ Flow’s relative angle of attack at ¾-chord location 
a0 Angle of section’s zero-lift line 
b0 Magnitude of dynamic twist’s linear variation  
dq Dynamically-varying pitch angle, ( )qq -  
f Cycle angle 
h Propulsive efficiency 
hs Leading edge suction efficiency  
q Pitch angle of chord with respect to U 
aq  Pitch angle of flapping axis with respect to U 
wq  Mean pitch angle of chord with respect to flapping axis 
r Atmospheric density  
w Flapping frequency 
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Subscripts 
 
a Apparent mass 










- Mean value 
. Time derivative 
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1 Introduction 
The objective of this project is to determine the dynamics and control of a flapping 
wing aircraft, in other words, an ornithopter. 
  
Many types of living species use flapping wings for flight. It may be considered one 
of the most graceful and efficient kind of locomotion. Small ornithopters have 
applications ranging from entertainment to surveillance. 
 
Throughout history, human efforts toward flapping flight have a reputation for 
futility. However all processes in nature obey the same physical laws as machines 
since ornithopters have been flown successfully throughout the entire size range of 
flying vertebrates in nature. But the conventional aerodynamics that we are familiar 
with is concerned largely with the gliding of planes and birds. The flow of air in 
such flights is relatively steady. Different phenomena are involved in the flights of 
the insects and birds. The airflow around these flyers is highly unsteady. The 
principles and theories of conventional steady and quasi-steady aerodynamics are 
no longer a good guide to the understanding of such flights. 
 
Current knowledge of the aerodynamics of flapping flight is still very much in its 
infancy. As for experimental data, there are very limited since it is only in recent 
years that interest has begun in the study of flapping flight. However some flow 
visualisations have revealed complex systems of unsteady vortices (Ellington, 
2002). Until now, even with advances in computational fluid mechanics (CFM), 
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theoretical calculations have been difficult because of the unsteady aerodynamics 
involved.  
 
This project had first been attempted as an undergraduate project (Tay, 2001). 
During the project, factors affecting lift such as wing shape and material had been 
investigated. A special platform was designed to test these factors and results 
showed that a quarter ellipse shape with thin plastic wrapping paper as the 
membrane and 2mm diameter carbon rod spar seemed to be the best among the 
different wing configurations. A total of 6 electric-powered prototype ornithopters 
(EPO) were built. Investigations showed that besides the wings, the tail and centre 
of gravity (cg) also played a very important part in the performance of the 
ornithopter. The final prototype could fly a maximum of 4 seconds but its flight 
path was very erratic. 
 
This current project aims to design and build a remote control (RC) EPO which can 
be airborne for more than 5 minutes. The present wing which uses a membrane is 
rather inefficient and has a low payload. Hence, research will also be done to 
improve the performance of the wing. At the same time, a computer program will 
be written to simulate the aerodynamic performance of flapping flight. 
2. Literature Review  
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2 Literature Review 
The literature review is divided into 3 sections. The first section deals with the 
theoretical aspect of flapping wing flight. This is followed by experimental studies 
related to flapping wing. The last section is on the development of flapping wing in 
the computational aspect. 
  
2.1 Theoretical Studies 
2.1.1 Basic Wing Movements of Insects 
An understanding of the development of the wing movements involved in an actual 
flapping flight would help in the evaluation of each individual motion’s 
contribution to flight; the role each movement plays such that the insect or bird 
presents a particular flight pattern. The consideration of the wing movements lays 
down a framework on which the designs of wings and mechanisms involved to 
recreate flapping flight can be built.  
The wing movements of an insect during flapping flight can be divided into four 
separate actions (Nachtigall, 1974): 
1. Beating  
2. Rotation 
3. Twisting  
4. Translation 
 
2. Literature Review  
Dynamics and Control of a Flapping Wing Aircraft  4 
 
 
In a beating movement, the long axis, which is the line extending from the base to 
the tip of the wing, together with the rest of the wing surface moves up and down, 
pivoting about the base. The rotational movement is about the long axis. The whole 
wing along its span rotates at the same angle. The insect wing combines the beating 
and rotational oscillations to produce a sort of winging motion. 
 
The twisting axis is the same as the rotation’s one. However, different parts of the 
wing along the span rotate at a different angle to produce the twisting effect. For the 
twisting action, it is found that there is no torsion in the outer two-thirds of the wing 
although it twists very strongly in the inner third. However, only the outer 
two-thirds of the wing is important aerodynamically. Thus in designing a wing for 
flapping applications, it may be assumed that torsion does not have to be accounted 
for in the wing design itself or its flapping motions. 
Figure 2.1: Diagram showing the different types of motions of the wings 
2. Literature Review  
Dynamics and Control of a Flapping Wing Aircraft  5 
 
The translatory action of the wings is considered when the insect is in forward 
flight. In studying the translational movement, global coordinates are used and the 












It is observed that the wingtip does not move with uniform periodic motion. The 
forward and downward stroke lasts longer than the upward and backward stroke. 
On the downstroke, the initial angle of attack is large. This reduces to a minimum at 
the middle of the stroke. It is seen readily that the upstroke takes place behind of the 
downstroke relative to the insect. The downstroke leads obliquely forwards and the 
upstroke backwards. On analysis of the aerodynamic forces, it is found that this is 
done to enable the insect to fly. The backward part of the upstroke turns the 
undesirable backward and downward forces into lift and thrust.  
 
Figure 2.2: Wingtip path 
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2.1.2 Mechanics of Bird Flight 
Bird flight is another of nature’s example of flapping flight. For the birds, the 
feathers attached on their wings are instrumental in their achieving flight, both the 
propulsion and the efficient aerodynamics (Freethy, 1982). There are two sets of 
feathers on a bird’s wing, namely the primary and secondary feathers. The primary 
feathers are attached to the hard bones, and are found on the hand section. Flight 
will be impossible without the primary feathers. The secondary feathers, which are 
inserted along the arm, which is the inner wing, are responsible for lift. The bird is 
able to enjoy much freedom of movement during flight because of the wing’s 
ability to have its shape altered, which is the result of each feather functioning 
independently.  
 
During flapping flight, the inner wing gives lift whilst the hand section provides 
thrust (Freethy, 1982). The inner part of a bird’s wing remains relatively stationary 
and acts as an aerofoil, producing lift and drag (Simkiss, 1963). On the backstroke, 
which is the power stroke, the primary feathers are linked together to produce a near 
perfect aerofoil. Since the outer part of the wing is more mobile, it can be twisted so 
that the wing points into the airstream; as with all aerofoils, forces are generated 
and maximum thrust and minimum drag is obtained in addition to lift.   
 
On the upstroke, the primary concern is to reduce drag. This is achieved through 
different mechanisms for different species of birds. On the smaller birds, the 
primary feathers are separated, allowing air to pass through and thus considerably 
reducing drag (Freethy, 1982). For the larger birds or small but long-winged birds, 
2. Literature Review  
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their wings are typically either flexed or partially closed on the upstroke. 
2.2 Experimental Studies 
C.J. Pennycuick (1996) tried to compare the wingbeat frequencies of 15 species of 
birds in level, cruising flight with the predicted frequencies, calculated according 
to the formula derived from an earlier sample of 32 species. All of the data were 
collected by the author, using the same method throughout. The new observations 
are in agreement for species with low wingbeat frequencies, but are 
underestimated at the higher frequencies. The new revised formula, as given 
below, gives the best fit of the wingbeat frequency (f) to the combined data set of 
47. 
3 1 31 23
8 3 82 24f m g b S r
- --
=       (2.1) 
where m, g, b, S and r are the mass, acceleration due to gravity, wingspan, surface 
area and density of fluid medium respectively. 
 
Pornsin-sirirak et al. (2000) developed a battery-powered ornithopter Micro Aerial 
Vehicle (MAV), employing MEMS technology in the fabrication of the wings. The 
most difficult and challenging task is to design and develop a highly efficient wing 
that has an unsteady-state aerodynamic advantage. The wing must be light, strong 
and be able to withstand high flapping frequency without breaking. Lastly, it must 
also be able to generate enough life and thrust. After much experiment, the best 
wing is found to be the Titanium alloy frame with parylene C as the membrane 
material. The final weight of the ornithopter is 10.6g. It flies 18 seconds during a 
flight test. The main limitations are the power supply and the ornithopter’s weight. 
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O’Halloran and Horowitz (1998) have also designed, built, and tested an 
autonomous ornithopter. The mobile platform consists of several components: the 
base, flapping assembly, wings, tail, and nose. The ornithopter built used an electric 
motor and membrane wings rather than a gas engine and aeroelastic wings, which is 
the norm for ornithopters of 1.5m wingspan. An electrolytic tilt sensor circuit, 
voltage monitor and an emergency takeover circuit are designed and built. 
Balancing, takeover, and landing behaviours using these sensors and assembly 
language programs running on a 68HC11 microcontroller are implemented. All 
software are coded in assembly language to minimize code size and avoid 
unnecessary complications. Experiments are conducted to optimize the tilt sensor 
sensitivity, the thrust produced by the wings, and to determine the main battery 
discharge curve. It is found that the drag of the design is too large for the bird to fly, 
other than a powered descent; however, modifications and upgraded components 
can allow for a more successful design in the future. 
 
The flapping motion used by traditional ornithopter only has 1 degree of freedom. 
In other words, there is only an up-down flapping direction. However, actual 
flapping locomotion in birds exhibits forewing twisting around the axis parallel to 
the extended wings. This added complexity can be incorporated to an ornithopter’s 
flapping mechanism to add realism to the model and to improve flight efficiency. 
The goal of Alajbegovic et al. (2001) is to develop a way of modifying the wing in 
order to get a more realistic bird flight motion from the ornithopter. During the 
process leading up to the final design, several steps in the design methodology are 
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undertaken to achieve a better design.  The team progresses from conceptual 
designs to selection analysis tools and from there engineering analysis is performed. 
Drawings are then generated and various prototypes are created and successfully 
tested. A final design is then constructed, tested and given the name, "Silverhawk.", 
which is a rubber-powered ornithopter weighing only 4.6g. The resulting flight time 
is much longer than the original design which does not have forewing twisting. 
 
The feasibility of mechanical flapping-wing flight has been studied. The key results 
from DeLaurier’s (1993b) work include the development of an efficient wing with 
unique features for twisting and lift balance, as well as a lightweight and reliable 
drive mechanism. These are incorporated into a radio-controlled, engine-powered, 
flapping-wing airplane. In September 1991, this aircraft achieved successful 
sustained flights, with the longest flight time lasting 2 minutes and 46 seconds, 
demonstrating the practicability of this particular solution for mechanical 
flapping-wing flight. This is not the first sustained flight for ornithopters of around 
3m wingspan, since many hobbyists have had achieved even longer flight times. 
However, this is one of the first designs that is done using a very systematic 
engineering approach, instead of merely using trial and error. 
 
2.3 Computational Studies 
Previous works show that two main models exist for analyzing the unsteady flow 
condition encountered during flapping wing flight, namely the quasi-steady model 
and the wake model. In the quasi-steady model, unsteady wake effects are ignored. 
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That is, flapping frequencies are assumed to be slow enough that shed wake effects 
are negligible. Although such an assumption gives a great simplification to the 
aerodynamic modelling, this category can still contain a wide range of 
sophistication in its detailed approaches. One of the simplest examples was given 
by Kűchemann and von Holst (1994) where a rigid elliptical-planform wing was 
assumed to be performing spanwise uniform motions. Betteridge and Archer (1974) 
presented a more detailed analysis using the lifting line theory approach to 
investigate the possibility of flapping behaviour. 
 
The wake model accounts for the unsteady aerodynamic effects by modelling the 
wake in a variety of ways. Several models have been developed based on different 
theories. Philps et al. (1981) represent the unsteady wake of a root-flapping 
non-twisting rigid wing with discrete non-planar vortex elements, which include 
spanwise vortices spaced one per half cycle aft of the quarter-chord bound vortex.  
 
Vortex wake effects were also accounted for in the model that DeLaurier (1993a) 
developed. His computational model for the unsteady aerodynamics of 
root-flapping wing was based on the modified strip theory approach, which made 
use of the concept of dividing the wing into a number of thin strips. This enabled the 
study of the wing as a set of aerofoils next to one another by assuming no crossflow 
between the strips or sections. Vortex-wake effects were accounted for using 
modified Theodorsen functions. In addition, this model differed from previous 
work in that camber and leading edge suction effects, as well as post stall behaviour, 
were also accounted for. The analysis was based on the assumptions that the 
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flapping wing is spanwise rigid, has high wing aspect ratio such that the flow over 
each section is essentially chordwise, and that the wing motion is continuous 
sinusoidal with equal times between upstroke and downstroke. The model allowed 
the calculation of average lift, thrust, power required and propulsive efficiency of a 
flapping wing in equilibrium flight. A numerical example was demonstrated to 
predict the performance of a mechanical flying Pterosaur replica, constructed by 
AeroVironment (1985), and the results were presented. 
 
Shyy et al. (2000) studied and reviewed the computational model proposed by 
DeLaurier (1993a). They performed computations for the mechanical flying 
Pterosaur replica using a Matlab-code developed based on the model and the results 
are compared with those presented by DeLaurier. They further investigated the 
performance of smaller biological bird species, with results presented. They also 
studied the effects of aerodynamic parameters such as the flapping axis angle, 
maximum flapping angle amplitude and dynamic twist of the wing, on the 
performance of the biological flapping flight. In addition, the authors developed an 
optimization procedure for obtaining maximum propulsive efficiency within the 
range of possible flying conditions. However, flexing of the biological wings, 
which tend to produce useful aerodynamic benefits, have yet been incorporated 
since the model used assumes that the wing is spanwise rigid. 
 
On comparison, the wake models such as Delaurier’s (1993a) are better than the 
quasi-steady ones. They are able to account for more effects and the results 
obtained by Shyy et al. (2000) also agreed reasonably well with the data. 
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3 Computational Studies 
3.1 Theoretical Background 
3.1.1 Computational model 
The computational model proposed by DeLaurier (1993a) has been chosen in our work 
to investigate the unsteady aerodynamics of flapping wing propulsion. The model uses 
a modified strip theory approach whereby the wing is divided into thin strips. Each strip 
is considered an aerofoil of finite width. The lift, thrust and power are computed for 
each individual aerofoil and then integrated over the entire wingspan to obtain the total 
lift, thrust and power.  
 
The advantages of this computational model include the ability to account for 
vortex-wake effects, camber, leading edge suction effects and post stall behavior. These 
properties are closely associated with biological wings. Moreover, due to the nature of 
the strip theory, it is possible to include dynamic or static twist and chord variation in 
the analysis. This is because each strip is considered an individual airfoil and hence it 
can have its own angle of attack and chord. It has also shown consistent results when 
computations are done on certain species of birds by Shyy et al. (2000). Lastly, it is 
easier to implement as compared to the other wake models as the programming 
algorithm has been explained clearly. 
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3.1.1.1 Assumptions 
There are some assumptions and restrictions for this computational model. Firstly, the 
wing is spanwise rigid. In other words, the wingspan is fixed and it cannot increase or 
decrease during the simulation. However, it is possible to modify the kinematics of the 
model to allow for spanwise bending and twisting. 
 
Secondly, the wing is divided into strips and hence it is not possible to have crossflow 
between the strips. In order to ensure that, the wing must have a high aspect ratio. High 
aspect ratio typically means having a value more than 10. However, in the work by 
Shyy et al. (2000), computations were performed on certain bird species with aspect 
ratio as low as 4.6. Reasonable results were obtained despite violating the assumption. 
Thus, it seems that the violation of the crossflow condition does not have a large effect 
on the results. 
 
The motion of the wing is also continuous sinusoidal with equal times between the 
upstroke and downstroke and there is a built-in phase lag of 2/p  between plunging 
and pitching motion. 
 
Although the model did not explicitly specify the flow regimes whereby it can be 
applied, we can use the work done by Delaurier (1993a) and Shyy et al. (2000) as a 
guide. The models used in the computation range from the very large pterosaur to the 
small corvus monedula (jack daw). The flow regimes for these models range from 
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Renolds number Re1=5.88X104 to 5.62X106. Reasonable results have been obtained 
and hence we can assume that the computational model is applicable to flows within 
those regimes. 
3.1.2 Wing Kinematics 








In this model, root-flapping kinematics is imposed, with no spanwise bending. This 
leads to the plunging motion given by  
fG cos)( yh -=         (3.1) 
where G  is the maximum flapping angle amplitude, y is the coordinate along the semi 
span and f  is the cycle angle defined by f = wt. 
 
                                                
1 The detailed calculations of the Re for the different models can be found in appendix A1.5. 
Figure 3.1: Wing section kinematics parameters and aerodynamic forces 
3. Computational Studies   
Dynamics and Control of a Flapping Wing Aircraft  15 
Dynamic twisting, dq, is assumed to vary linearly along the span, thereby given by  
fbdq sin)( 0 y-=         (3.2) 
where 0b  is the magnitude of the linear variation of dynamic twist. An illustration of 
dynamic twist of a wing is shown in figure 3.3. 
 
As the plunging displacement is expressed as a cosine function while the pitching 
angular displacement is expressed as a sine function, there is a built in phase lag of 90o 













Figure 3.2: Schematic of a root-flapping wing seen from behind 
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In order to determine the relative angle of attack at the ¾-chord location due to the 
wing’s motion, the model can be divided into three discrete motions, namely the 
plunging motion, the pitching motion and the forward motion.  
 
For the plunging motion, the pure plunging velocity is always perpendicular to the 
chord-line. Thus, the plunging velocity is the normal component of the velocity of the 
leading edge, h& , given by  
)cos( aplunging hV qq -= &        (3.3) 
where q  is the pitch angle of the chord with respect to the free stream velocity, U and 
aq  is the pitch angle of the flapping axis with respect to U. 
 
When examining the pitching motion, the leading edge is taken as the reference point. It 
is also the point about which the pitching rotation acts. Since the ¾-chord is the point of 
consideration, this is the radius of rotation and therefore the velocity at this point is                                        
q&cVpitching 4
3
=          (3.4) 
where c is the aerofoil chord length. 
 
As for the forward motion, dealing only with the wing’s motion, the pitch angle of the 
flapping axis, aq , is zero. Hence the dynamically varying pitch angle, dq, will also be 
the instantaneous geometric angle of attack. Since dq can be expressed as qq - , the 
forward velocity is given by 
)( qq -= UV forward        (3.5) 
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Here, q  is the section’s mean pitch angle and is given by the sum 
wa qqq +=         (3.6) 
where wq  is the mean pitch angle of the chord with respect to the flapping axis. 
 
Finally, the relative angle of attack at the ¾-chord location due to the wing’s motion 














     (3.7) 
 
With the derived expression above for the relative angle of attack, a, it is possible to 
express the flow’s relative angle of attack at the ¾-chord location, a ¢ , as follows 
U
wkC Jones 0)( -=¢ aa       (3.8) 
where 0w  is the downwash velocity at the ¾-chord location. 
The coefficient of a in equation (3.8), JoneskC )( , accounts for the wing’s finite span 
unsteady vortex wake by means of the strip theory model and is derived by Jones 
(1940). JoneskC )(  is a modified Theodorsen function for finite aspect ratio (AR) wings. 





=          (3.9) 
where w  is the flapping frequency in rad/s. 
 
As JoneskC )(  is a complex function, it was found convenient to use Scherer’s (1968) 
alternative formulation:  
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=       (3.10) 
where the complex term )(kC ¢  is given by    
                              )()()( kGikFkC ¢+¢=¢                   (3.11) 
 
)(kF ¢  and )(kG¢  are dimensionless constants that depend on aspect ratio, AR, and 


























1             (3.14) 
AR
C 772.0181.02 +=        (3.15) 
Upon noting that the assumed motion is given by  
tiAe wa =           (3.16) 
where A is a constant and substituting equations (3.9)-(3.16) into equation (3.8), the 

















=¢ aaa &     (3.17) 
 
The downwash term, 0w /U, is due to the mean lift produced by the angle of the 
section’s zero-lift line, 0a  and the section’s mean pitch angle, q . For untwisted 
elliptical wings, Kuethe and Chow (1986) presented an expression for the downwash, 
which is consistent with the strip theory model, given by 
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)(2 00 qa        (3.18) 
 
The relative flow velocity at ¼-chord location, V, must include the downwash as well as 



















é -+¢+--= qqaqqq && cUhUV a    (3.19) 
 
3.1.3 Force Calculations 
In order to compute the normal and chordwise forces acting on each wing’s section, the 
flow over the section must first be determined. The strip theory allows for an 
approximation to localised post stall behaviour. Flow separation, or stalling, is assumed 
to occur abruptly, and hence a condition for this transition has to be defined. 
Considering both static and dynamic stall effects, the stalling angle of attack, stalla  is 














      (3.20) 
where x is a function describing the slope of the curve for the relation between  
dynamic stall angle and the pitching velocity/freestream velocity relation for a certain 
Mach number, which can be obtained from the helicopter theories presented by Prouty 
(1986). 
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Therefore, the criterion for attached flow over the section is 



















       (3.21) 
 
When the attached flow range is exceeded, totally separated flow is assumed to 
abruptly occur. 
 
3.1.3.1 Normal Force (Attached Flow) 
For attached flow over the section, the normal force due to circulation is given by 
cdyyCUVdN nc )(2
r
=        (3.22) 
where r  is the atmospheric density and dy is the width of the wing section. 
 
The normal force coefficient )(yCn  is given by 
)(2)( 0 qaap ++¢=yCn        (3.23) 
 
Since the flapping wing sets the air into motion, a virtual mass has to be incorporated 
in the calculations for the normal force. Thus, an additional normal force contribution 
comes from the apparent mass effect, which acts at the midchord and is given by  
dyvcdNa &4
2rp
=        (3.24) 
where v&  is the rate of change of the midchord normal velocity component due to the 
wing’s motion, 
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-=        (3.25) 
 
Therefore, the section’s total attached flow normal force is 
ac dNdNdN +=        (3.26) 
 
3.1.3.2 Normal Force (Separated Flow) 




)()( r=       (3.27) 
where cfdC )(  is the crossflow drag coefficient. Vˆ  is the resultant of the midchord 
chordwise velocity component, xV , and normal velocity component, nV , due to the 
wing’s motion. ( v&  in equation (3.25) is the linearised time-derivative of nV ) 
2
1
22 )(ˆ nx VVV +=        (3.28) 
)sin(cos ax hUV qqq --= &       (3.29) 
qqqq sin
2
1)cos( UchV an ++-= &&       (3.30) 
 
Moreover, the normal force due to apparent mass effect changes when the 
flow over the section is separated. According to DeLaurier (1993a), it is assumed to 
be half that of the attached flow in equation (3.24): 
asepa dNdN 2
1)( =        (3.31) 
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Hence, the expression for the normal force, under separated flow conditions, is given 
by 
sepasepcsep dNdNdN )()( +=       (3.32) 
 
3.1.3.3 Chordwise Force (Attached Flow) 
The attached flow section’s circulation distribution likewise generates forces in the 





qapa +¢-=     (3.33) 
 
Garrick’s (1936) expression for the leading edge suction of a two dimensional 
aerofoil may be applied to the present strip theory model, giving an expression for the 















    (3.34) 
where hs is the leading edge suction efficiency factor that accounts for the fact that most 
aerofoils, due to viscous effects, have less than the 100% leading edge suction predicted 
by strict potential flow theory.  
 






=        (3.35) 
where fdC )(  is the drag coefficient due to skin friction, for which expressions may be 
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found in Hoerner (1965).   
 
Thus, the total attached flow chordwise force is given by 
fcambersx dDdDdTdF --=        (3.36) 
3.1.3.4 Chordwise Force (Separated Flow) 
When a totally separated flow occurs abruptly over the section, all chordwise forces are 
negligible. Hence xdF  equals zero, with no contribution to the lift and thrust. 
 
 
3.1.3.5 Lift & Thrust 
With the expressions of the normal and chordwise forces defined above, the section’s 
instantaneous lift and thrust are given by  
qq sincos xdFdNdL +=        (3.37) 
qq sincos dNdFdT x -=         (3.38) 
 
An integration of the above two equations along the wingspan gives the instantaneous 
lift and thrust for the whole wing. 
ò= 20 )(cos2)(
b
dLtL g         (3.39) 
ò= 202)(
b
dTtT          (3.40) 
where )(tg  is the section’s dihedral angle at that instant in the flapping cycle, defined 
as 
fGg cos)( =t           (3.41) 
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The wing’s average lift and thrust are obtained by integrating )(tL  and )(tT  over the 












1         (3.43) 
where f1  is the period of the flapping cycle. 
 
3.1.4 Power Calculations 
Since the flight speed, U, is constant, the average power output is determined by 
multiplying the average thrust obtained from equation (3.43) with the flight speed. That 
is, 
UTPout =         (3.44) 
 
For attached flow, the instantaneous power required to move the wing section against 
its aerodynamic loads is given by 










1)cos()sin(   (3.45) 
where acdM  is the section’s pitching moment about its aerodynamic centre, while 
adM  includes apparent-camber and apparent-inertia moments. 
 
acdM  depends on the aerofoil characteristics, acmC , which is the moment coefficient 
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=        (3.46) 
 








1       (3.47) 
 
When considering separated flow, the input power equation (3.45) is simplified by 




é +-= qqq && chdNdP asepin 2
1)cos(        (3.48) 
 
The instantaneous aerodynamic power absorbed by the whole wing is found from  
ò= 202)(
b
inin dPtP          (3.49) 
and the average input power throughout the flapping cycle is given by: 





1         (3.50) 
 
3.1.5 Propulsive Efficiency Calculation 
Finally, with the average input and output power of the wing known, the average 





=h          (3.51) 
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3.2 Programming 
The programming is done in Matlab because the resulting equations will be in matrix 
form. Moreover, it is more user-friendly. Although Matlab is relatively slow as 
compared to other low level-programming environment, it is not of great importance 
here because the simulation is not very complex, and real-time results are not required. 
 
According to strip theory, the instantaneous lift, thrust and power are first computed on 
each individual strip at a particular time interval. All the strips are then summed up or 
integrated to give the instantaneous lift and other variables for the whole wing. Lastly, 
to obtain the average lift, thrust and power per flapping cycle, the instantaneous values 
are integrated again. 
 








)(cos2 g         (3.52) 
where j refers to the time instants (j = 0 to m) and i refers to the station locations of the 
sections along the wingspan, yi (i = 1 to n). According to DeLaurier (1993a), the values 
for m and n are 20 and 12. However, depending on the accuracy required, these 2 values 
can be changed. 
 
The wing’s average lift given by equation (3.42) is approximated to be 
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1        (3.53) 
 
Similar approximations were made to equations (3.40), (3.43), (3.49) and (3.50) for the 
instantaneous and average thrust and input power. 
 
Other simplifications or assumptions made to the computational model are as follows: 
· Negative-a ¢  stalling does not occur. Thus, from equation (3.21), flow separation 
occurs when max)( stalla is exceeded.  
· Dynamic stall criterion is not incorporated. Thus, x  in equation (3.20) is 
effectively zero. 
· The crossflow drag coefficient, cfdC )(  in equation (3.27) was chosen to be that 
for a high-AR flat plate, given by Hoerner (1965) as 1.98. 
· The assumption that the texture of the wing’s surface is such as to produce a full 
chord turbulent boundary layer was made. Thus, the friction drag coefficient, 
fdC )( , obtained from Hoerner (1965), is given by 
[ ] 58.2log(Re)
89.0)( =fdC       (3.54) 
       where Re is the Reynolds Number based on the local chord. 
 
Besides calculating the values of the average lift, thrust, power requirement and 
propulsive efficiency of a flapping flight, the program can also: 
Plot average lift, thrust, power input requirement and propulsive                                                    
efficiency against 0b  for different aq  or G  (Figure 3.5).  
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Determine the domain of flight, that is, all the “able-to-fly” combinations of aq , G and 
0b  that satisfies the conditions L  ³ W and 0 £ h  £ 1 (Figure 3.6).  
Perform optimisation computation, determining an optimal combination of aq , G and 
0b  that gives the maximum average propulsive efficiency. (Figure 3.7) 
A graphical user interface (GUI) shown in figure 3.4 has also been made to simplify the 
input entering process.  The user simply has to enter the basic data, parameters and 
select the type of results he or she wants. Moreover, the GUI also allows entering either 
a single value or an interval of values for the flapping axis angle ( aq ), maximum 
flapping angle amplitude (G) and dynamic twist ( 0b ). Furthermore, the parameters of 
the various flying species and wing types that would be examined in later sections have 
been incorporated into the software, in both SI and USC (English) units. Thus, all 
parameters will automatically be shown when the user selects a flying species or wing 
type. Lastly, pop-up messages boxes as shown in figure 3.8 will appear if the user enters 
the wrong inputs. The message box will assist the user to enter the correct inputs.  
 
 
Figure 3.4: GUI of program 
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Figure 3.5: Example of plots of L , T , inP  and h  against 0b  for different aq  
(For the Pterosaur replica at G = 20o and aq = 7.5o & 8o) 
Figure 3.6: Example of result of a plot of domain of flight (For the Pterosaur replica) 
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Figure 3.7: Example of result of an optimization computation (For the Pterosaur replica 
with G = 0:1:40o, aq  = 7:0.1:8o & 0b  = 0:0.25:5
o/ft) 
Figure 3.8: Example of popup message box that prompts user for correct inputs 
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3.3 Accuracy Assessment of Code 
In order to verify the accuracy of the Matlab-code developed, computations were 
performed for the mechanical flying Pterosaur replica (Brooks et al., 1985), and results 
were compared with those presented by DeLaurier (1993a) and Shyy et al. (2000).  
 
3.3.1 Results 
The characteristics of the mechanical Pterosaur replica used as input parameters for 
the code are tabulated in table 3.1. The wing’s geometry in figure 3.9 shows the chord 
distribution of the twelve equal strips along the semi-wingspan.   
Table 3.1: Input parameters for the mechanical flying Pterosaur replica 
Aerofoil Parameters (Liebeck LPT 110A) 
Symbol Value Description 
a0 (o) 0.5 Angle of section’s zero lift line 
hs 0.98 Leading edge suction efficiency 
Cm,ac 0.025 
Moment coefficient about the aerodynamic 
centre 
(astall)max (o) 13.0 
The maximum limit of the aerofoil’s stall 
angle 
Wing Parameters 
W (lb) 40 Weight 
U (ft/s) 44 Freestream velocity 
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f (Hz) 1.2 Flapping frequency 
b (ft) 18 Wingspan 
wq  (
o) 0 Mean pitch angle of chord wrt U (static twist) 
G (o) 20 Maximum flapping angle magnitude 
aq  (o) 7.5 Pitch angle of flapping axis with respect to U 
b0 (o/ft) 0-3 Dynamic twist 







Figure 3.9: Wing planform of the mechanical flying Pterosaur replica 
Figure 3.10: Results obtained for the Pterosaur replica using Matlab-code 
Y 
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The plots of L , T , inP  and h  against dynamic twist obtained using the code are 
compared with those presented by DeLaurier, as shown in figure 3.10 and figure 3.11 
respectively. Table 3.2 and 3.3 show the numerical data obtained with the code and 
those presented by Shyy et al. respectively. Note that the results were computed in 








Table 3.2: Results obtained for the Pterosaur replica using Matlab-code 




40 7.0 4.75 35.3231 5.8539 322.8307 0.7979 
16 7.2 1.75 40.0947 0.5424 89.7885 0.2658 
19 7.3 2.25 40.2675 0.8601 103.8647 0.3644 
21 7.4 2.50 40.5664 1.2617 122.6286 0.4527 
20 7.5 2.25 40.9423 1.1592 122.1982 0.4174 
Figure 3.11: Results for the Pterosaur replica presented by DeLaurier 
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27 7.5 3.25 40.2541 2.5794 181.5409 0.6252 
29 7.6 3.50 40.3336 3.0091 200.9873 0.6588 
35 7.8 4.25 40.2596 4.2004 253.5464 0.7292 
39 8.0 4.75 40.2959 4.7976 279.2754 0.7559 
 
Table 3.3: Results for the Pterosaur replica presented by Shyy et al. 




40 7.0 4.75 35.2337 5.8275 321.8248 0.7967 
16 7.2 1.75 40.0250 0.5360 89.5189 0.2634 
19 7.3 2.25 40.1938 0.8524 103.5632 0.3622 
21 7.4 2.50 40.4898 1.2524 122.2667 0.4507 
20 7.5 2.25 40.8465 1.1389 121.5021 0.4124 
27 7.5 3.25 40.1708 2.5650 180.9901 0.6236 
29 7.6 3.50 40.3477 2.9930 200.3743 0.6572 
35 7.8 4.25 40.1672 4.1796 252.6805 0.7278 
39 8.0 4.75 40.1991 4.7744 278.4259 0.7545 
 
3.3.2 Discussions 
Comparing the numerical data tabulated in Table 3.2 and 3.3, the difference in the 
values is less than 2%. The discrepancies may be due to truncation error or the use of 
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different program version or computer system. From the results, the maximum average 
propulsive efficiency is 0.7559, with aq = 8o, G = 39o and 0b  = 4.75
o/ft (last row of 
Table 3.2).  
 
3.4 Effects of Aerodynamics Parameters on Flight 
Performance 
This section aims to study the effects of aerodynamics parameters on flight 
performance. The aerodynamics parameters are frequency )( f , maximum flapping 
angle amplitude )(G , flapping axis angle ( aq ) and magnitude of dynamic twist’s 
linear variation ( 0b ). Computations are carried out by varying the parameter under 
investigation while fixing all the others. 
 
3.4.1 Effects of Flapping Frequency 
Figure 3.12 shows that as flapping frequency increases, the average lift increases to a 
maximum and then decreases. The results suggest that there is an optimal frequency 
which produces the maximum lift. This is consistent with the observations by Wang 
(2000). She devised a computational model to solve the Navier Stokes equation around 
a two-dimensional moving wing, which mimics biological locomotion. Her results 
showed that there is indeed an optimum flapping frequency even for 1-D flapping 
motion (in other words, excluding heaving and pitching).  
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On the other hand, the average thrust becomes positive beyond a certain minimum 
frequency of 1.04Hz and increases after that. Hence, for sustainable flight and forward 
thrust, the flapping frequency is between 1.04 to 1.30Hz 
 
3.4.2 Effects of Maximum Flapping Angle Amplitude 
In figure 3.13, the effects of maximum flapping angle amplitude are similar to that of 
flapping frequency. The range of amplitude for forward sustained flight is between 34o 
and 42o. An interesting feature is that even when G = 0, the average lift generated is 
higher than that for the case where f = 0. This means that pure pitching motion can 
generate more lift compared to fixed wing, even though the wing is not flapping. 
3.4.3 Effects of Flapping Axis Angle 
From figure 3.14, when flapping axis angle increase, lift increases but average thrust, 
power input and propulsive efficiency decrease. Positive lift starts from aq  at 8
o but 
the maximum aq  possible is limited to 10.4
o, after which average thrust falls below 
zero. Hence, within the range of aq  for which sustainable flight is possible, the 
minimum aq  produces the maximum (but not optimal) average propulsive efficiency 
and thrust, but with the trade off in lower average lift and higher average power input. 
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(G  = 20o, aq  = 7.5
o and 0b  = .38
o/m) 
Figure 3.12: Effects of flapping frequency on flight performance Pterosaur replica  
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Figure 3.13: Effects of maximum flapping angle amplitude on flight performance of the 
Pterosaur replica (f = 1.2 Hz, aq  = 8
o and 0b  = 16
o/m ) 
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3.4.4 Effects of Dynamic Twist Magnitude 
In figure 3.15, results show that there is an optimum dynamic twist whereby average 
thrust, lift and propulsive efficiency are all at maximum values. Moreover, as the 
dynamic-twisting magnitudes increases, the wing requires less work to flap, as 
indicated by the decreasing power input requirement. It is also evident that without 
twisting, the lift produces is not sufficient to sustain flight. However, forward thrust is 
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Figure 3.14: Effects of flapping axis angle on flight performance of the Pterosaur 
replica (f  = 1.2 Hz, G  = 40o and 0b  = 16
o/m) 
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Figure 3.15: Effects of dynamic twist on flight performance of the Pterosaur replica (f  
= 1.2 Hz, G  = 40o, and aq  = 8
o) 
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3.4.5 Optimization Computations for the Pterosaur Replica 
In the following section, optimization computations are performed for aq  ranging 
from 7.0o to 10.0o, G  between 0o to 45o, and with 0b  varying between 0
o/m to 20o/m 
(= 5.2o/ft) to obtain the optimal combination of parameters that leads to optimization of 
the flight performance of the Pterosaur replica. The objective is to determine the 
optimized configuration for maximum average propulsive efficiency. In other words, 
we are looking for the combined parameters ( aq , G  and 0b ) which will give the highest 
average propulsive efficiency. The range of values used for aq , G and 0b  are shown in 
table 3.4 and they are chosen with consideration of the limitations of the flying model. 
The other parameters are kept constant (refer to table 3.1 for the values). The 
optimization computation is done by fixing 2 of the parameters while varying the other. 
For example, aq and G  are fixed at 7.3
o and 15o respectively while 0b varies from 0 to 
20o/m. 
3.4.5.1 Results and Discussions 
Table 3.4: Optimization computation results for the Pterosaur Replica flapping at 1.2Hz 
 
Range of G (o)* 0:1:45 
Range of aq  (
o)* 7:0.1:10 
Range of b0 (o/m)* 0:1:20 
Optimum G(o)  40 
Optimum aq (
o) 8 
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Optimum b0 (o/m) 16 
maxh  0.76128 
L    (N) 178.5831 
T    (N) 21.8826 
inP   (W) 385.4896 
The results obtained for the Pterosaur replica suggests that the maximum flapping angle 
amplitude, flapping axis angle and dynamic twist which results in maximum propulsive 
efficiency are 40o, 8o and at 16o/m. 
*The range is given as start:increment:end 
3.5 Limitations 
The upper and lower limits of the variables, as well as the step increment to be used, 
must first be determined before running the simulation. These values have to be 
carefully chosen so that they are achievable by the wing in actual flight, else, the results 
may not be meaningful. Hence, the biological limitations of the flying species, or the 
physical restraints of the flying model should be considered when making estimations 
for these values. 
 
Moreover, the model lacks the ability to handle flexible wingspan, a feature which is 
found in almost all birds. Thus, the results obtained may not truly reflect the flight 
performance of the bird species. 
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The model only recognises chord distribution along the semispan. Hence, it cannot 
differentiate between wings which are attached in a different manner if their chord 
distribution is the same. Figure 3.16 shows 2 different arrangements of wings which 
will give the same results. 
 
3.6 Summary of Computational Studies 
The objective of the computational studies is to investigate the unsteady aerodynamics 
of flapping wing propulsion by using a simulation program. A computational model 
based on DeLaurier’s model has been written.   
 
In order to verify the accuracy of the Matlab-code developed, computations were 
performed for the mechanical flying Pterosaur replica (Brooks et al., 1985), and results 
were compared with those presented by DeLaurier (1993a) and Shyy et al. (2000). 
 
Thereafter, optimization computations are carried out for the pterosaur replica. 
Moreover, the program is used to simulate the effects of aerodynamics parameters on 
the flight performance. The aerodynamics parameters are frequency )( f , maximum 
Figure 3.16: Wings A and B which will get the same results 
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flapping angle amplitude )(G , flapping axis angle ( aq ) and magnitude of dynamic 
twist’s linear variation ( 0b ). 
 
One conclusion from the simulation is that there exists an optimal flapping frequency 
that produces maximum average lift and propulsive efficiency. Another conclusion 
from the results is that flapping frequency, maximum flapping angle amplitude and 
dynamic twist magnitude are interdependent for sustainable flight performance. An 
optimal combination of these parameters does exist which is able to produce an optimal 
average propulsive efficiency.
4. Prototype Design and Analysis  
Dynamics and Control of a Flapping Wing Aircraft  46 
4 Prototype Design and Analysis 
The focus of the prototype design and analysis is to build an electric-powered 
ornithopter (EPO) which can be airborne for up to a few minutes. In a preliminary study 
(Tay, 2001), the EPO designed was able to fly and glide for up to 4 seconds. The short 
duration of flight was mainly due to the poor flapping design, inefficient motor and 
heavy batteries. These issues will be addressed in the design of the new EPO.  
 
There are basically 2 types of wings used for ornithopters, membrane wing and 
aeroelastic wing. Comparing the two, aeroelastic wing is supposed to be more efficient 
but it is much more complex in design. Moreover, the wing is heavier and so it is 
usually found only in bigger ornithopters. Hence, we have chosen to continue to use 
membrane wing for the new EPO. Modifications have also been made to improve the 
performance of the membrane wing. These enhancements include flexible wingspan 
wings and cambered wings.  
 
The flapping flight theory for the membrane wing is presented in the next section. 
Thereafter, the 2 most important components of the EPO – wing and flapping 
mechanism design will be discussed. This will be followed by the development process 
of the new EPO and its flight testing results. Lastly, the problems encountered during 
the experimental studies are discussed. 
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4.1 Basic Flapping Flight Theory 
Flapping wings aerodynamics is very different from fixed wings aerodynamics. 
However, some basic principles of fixed wings aerodynamics can still be applied.  
Membrane wings consist of a flexible flat material that is stretched and glued to the 
leading edge and root chord of the wing. The material can either be thin plastic film, 
Japanese tissue or thin cloth. Its simple design and lightweight result in its popularity, 
especially among small ornithopters. However the disadvantage is its poor efficiencies.  
 
According to the “Ornithopter Design Manual” (Chronister, 1996) and Micah 
O’Halloran (1998), membrane wings generate positive lift and thrust during the 
downstroke. However, during upstroke, the lift becomes negative although thrust is still 
positive. The material of the membrane is flexible. Hence during downstroke, as shown 
in figure 4.1, air is displaced downward and backward, causing the membrane to be 
pushed upward and forward. The direction of this force will produce lift and thrust. 
Although the front of the membrane is glued to the leading edge, the trailing end is 
allowed to swivel within the limits of the flexible material. This will cause the trailing 
edge to always lag behind the leading edge. As a result, the membrane will become 
positively cambered. From fixed wing aerodynamics, the camber shape will provide 




4. Prototype Design and Analysis  








During the upstroke, as shown in figure 4.2, the reserve happens and the trailing edge is 
always lower than the leading edge. The new direction of force will provide thrust but 








Throughout the whole flapping cycle, the net force will only be the thrust because the 
positive and negative lift cancel each other out. In order to obtain lift, the forces must be 
redirected by increasing the pitch of the wing. In ornithopter’s design, this is usually 
achieved using the tail. The tail is tilted slightly upwards and this will cause the wing to 
pitch up during flight (figure 4.3). 
Figure 4.1: Membrane during downstroke 
Figure 4.2: Membrane during upstroke 
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4.2 Wing Design 
Three types of wings are presented. The first type is the standard membrane wing, but it 
has been made stronger and lighter. The next 2 types are modified versions of the 
membrane wings – spring and cambered wings. These 2 types are experimental wings 
which aim to improve the efficiency of the membrane wing. Their flight testing results 
will be presented in section 4.5. 
 
4.2.1 Standard Membrane Wings 
4.2.1.1 Design 
The basic design of the membrane wings has been described in the earlier section. 
Results from the experiments reported by Tay (2001) show that the leading edge spar 
must be tough, strong, light and at the same time exhibit some flexibility. The 
Figure 4.3: Pitching of ornithopter to achieve net lift 
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membrane should be light, flexible and must not tear easily at high frequency of 
flapping. The wing shape should be semi-elliptical in shape for best performance. 
Lastly, the amount of lift varies directly with the flapping frequency. 
 
The wing of the previous EPO (Tay, 2001) has a leading edge spar which is made of 
2mm carbon rod weighing about 1.5g (Refer to appendix A2.2 for materials’ densities). 
The membrane uses thin cellophane plastic and Japanese tissue which weighs 32g/m2 
and 21g/m2 respectively. This combination proves to be very strong and there has been 
no sign of wear and tear even at high rates of flapping.  
 
The current objective is to improve the performance of membrane wing. An indirect 
solution is to reduce its weight. Although the total weight of the wing weighs only 
about 3g each, the inertial of the wings can be very high at high flapping rate. Therefore, 
by lightening the wings, the inertial can be reduced. This will increase the flapping rate 
and produce higher lift force.  
 
4.2.1.2 Leading Edge Spar 
Previous experiments done (Tay, 2001) have shown that carbon rod has the highest 
strength-to-weight ratio compared to other materials such as wood or bamboo. Hence, 
carbon rod should still be used as the material for the spar. However, carbon rods of 
smaller diameter can be substituted. Diameters from 1mm to 1.7mm carbon rods are 
tested. Results show that the rods do not break when subjected to a flapping rate of 6Hz 
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using a power supply. However, when the membrane is attached to the 1mm, 1.3mm 
and 1.5mm carbon rods, the flapping goes into an alternate-sinusoidal wing motion (see 
figure 4.4). The 1.7mm diameter rod does not have this problem. The reason for the 
alternate-sinusoidal wing motion is due to the rod’s small diameter and the high 





By just reducing the diameter of the rods to 1.7mm, the weight has decreased from 1.5g 
to as much as 1.0g, which is close to 33%. The new 1.7mm spars are then fitted onto the 
prototype EPO. The lighter spar increases the flapping rate to around 7 to 8Hz using the 
same amount of current.  
 
Another way to solve this problem is to use carbon tube. The 1.7mm and 2.2mm tubes 
are tested because carbon rods of equivalent diameters do not have the 
alternate-sinusoidal wing problem.  Experiments done later have confirmed this 
assumption to be true. 
 
Moreover, the alternate-sinusoidal wing motion is because the portion of carbon rod 
near the flapping axis experiences a much higher bending stress compared to the 
portion near the spar end. Hence, the spar’s weight can be reduced by using rods or 
Figure 4.4: Alternate-sinusoidal wing motion 
Y 
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tubes of bigger diameter near the root, and that of smaller diameter near the end. In 
other words, a hybrid spar which consists of rods and tubes of different diameters can 
be used. The combinations tested include carbon tube 1.7mm/rod 1mm and carbon tube 
2.2mm/rod 1.2mm. They weigh 0.50 and 0.78g. Both combinations do not exhibit any 
alternate-sinusoidal wing motion. However, flight tests later show that the 1.7mm/1mm 
combination tends to break if the EPO does not land properly. Since then, the 
2.2mm/1.2mm hybrid spar has been used in future versions of the EPO. 
 
4.2.1.3 Membrane 
The membranes used originally are cellophane plastics and Japanese tissue. They 
weigh around 0.75g to 1.1g on each wing, which account for about 40% of the original 
wing’s weight. Hence, it is also important to reduce the membrane’s weight.  
 
A new type of plastic covering known as mylar is selected as the new membrane 
because it is light and tough. It is commonly used by the hobbyists for lightweight 
indoor planes. Two types of mylar tested are the 2.2g/m2 and the 7.0g/m2 versions. The 
lift analysis experiment done during our previous work (Tay, 2001) is repeated to assess 
their lift capabilities. Moreover, thrust analysis experiment designed by Ng (2002) is 
also used to assess their thrust generated. Both of these experiments show that the lift 
and thrust values are similar to the cellophane plastics. However, the 2.2g/m2 version 
tears easily at high rates of flapping. The 7.0g/m2 version tears after prolonged usage 
but this problem can be minimized by sticking a thin width of cellophane tape at the 
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trailing edge of the membrane. Moreover, according to T.N. Pornsin-Sirirak et. 
al.(2000) , the thrust performance of the wings can be improved by adding an inboard 
region (see figure 4.5). This has been also verified during the thrust experiment. The 
actual implementation is accomplished by using 2.0mm bamboo rod or 1.0mm carbon 




The new membrane wing configuration now weighs only 1.5g, compared to the 
original weight of 2.6g. Using the same motor/gearbox configuration, flapping 
frequency has also been increased from 6 to about 7 to 8Hz, thereby increasing the lift 
and thrust forces. 
 
4.2.2 Spring Wing 
4.2.2.1 Theory 
In wings that have been built so far, the wing spar has been rigid, undergoing root 
flapping motion. The spring wing is a departure from this tried and tested design. By 
placing torsional springs in strategic locations along the wingspan, the wing’s spar is 
able to bend. Consequently, the biomechanics of the bird’s wing during flapping flight 
can be reproduced. It is hoped that in the attempted recreation of the biomechanics of a 
Figure 4.5: Wings with and without inboard region 
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bird’s wing, however partial, the spring wing design will capitalize on the energy 
storage aspect of natural flapping flight, thereby increasing lift production, leading to a 
more efficient wing and ultimately a more efficient ornithopter. 
 
As described in the literature review, Alajbegovic et al. (2001) attempts to achieve it by 
using strings attached to the spar. However, in this case, torsion springs are used instead. 
On top of achieving a reduction in the wingspan, the flexibility of the wing is also 
increased. 
 
The basic design is shown in figure 4.6 below. Instead of one spar, the leading edge is 
now made up of a series of spars with each joint consisting of a torsional spring. In its 
simplest form, it is made up of two spars joined by one torsional spring, as shown in 










Figure 4.6: Spar with 2 springs attached at the joints 
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The advantage of this design is that it is simple and it takes advantage of the existing 
airflows around it to extend and reduce the wingspan during the down and upstroke 
automatically. The torsional spring is therefore a very important component of this 
design.  
 
There are a few factors which influence the degree of bending. A spring with the right 
elasticity has to be selected, and in conjunction with its placement along the spar will 
greatly affect the achievement of the desired effect. At the same time, the surface area 
of the membrane and the flapping rate also affect the bending. A larger surface area and 
faster flapping will introduce a higher amount of air resistance which will reduce the 
bending of the spring.  
 
Moreover a small piece of balsa wood is glued to each end of the spring to keep the 
wing spar straight and prevent it from bending beyond 180o during the downstroke, as 
shown in figure 4.8. 
Figure 4.7: Single torsional spring version 
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4.2.2.2 Effect of spring constant 
To date, 3 models using the spring wings have been built and tested. In each model, one 
torsional spring is placed midway between the wing root and wing tip. However, the 
springs used in each model are of a different modulus of elasticity. 
 




Model 1 5.90 
Model 2 1.10 
Model 3 2.50 
The wings are tested on a stationary platform to observe their flapping motion and 
extent of bending. A video camera is used to capture the motion which is then played 
Figure 4.8: Balsa wood pieces to prevent “over-bending” 
4. Prototype Design and Analysis  
Dynamics and Control of a Flapping Wing Aircraft  57 
back in slow motion to observe it in detail. Initial tests show that the wings of model 1 
do not bend much. The reason is because the spring constant is too high.  
 
On the other hand, tests conducted on model 2 show that the section between the spring 
and the wing tip flaps wildly. The spring constant in this case is too low, which results in 
too much bending. 
 
The third model is the best of the lot. The spar bends slightly during upstroke and 
recovers with maximum wingspan during downstroke. Flapping frequency has also 
increased compared to the normal membrane wings. The flapping frequency is greater 
because there is less restriction in the upstroke of the flapping cycle, thereby reducing 
the torque requirement. Flight tests will be conducted on this model to assess its 
performance. The result can be found at the section 4.5.3.2.  
 
Figure 4.9: The spring wing in flight tests. Notice the bend in the leading edge where 
the torsion spring is located 
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4.2.3 Cambered Membrane Wing 
According to the flapping wing theory for the membrane wing, the wing generates 
positive lift during the downstroke due to the positive camber. However, at upstroke, 
the camber reverses and results in negative lift generation. This explains partly the low 
efficiency of the membrane wing.  
 
One solution to negotiate around this problem is to attach camber ribs onto the 
membrane, as shown in figure 4.10. When the ribs are attached onto the membrane, the 
wing will still be positively cambered during the upstroke. It should therefore be able to 




The material selected as the cambered ribs is the 2mm bamboo rod because it is the only 
Figure 4.10: Ornithopter with the proposed cambered membrane wings 
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material which can be bent to the desired shape using heat treatment. Moreover, it still 
maintains some amount of flexibility after the bending. The flight testing result can be 
found in the section 4.5.3.3.  
 
4.3 Flapping Mechanism Design 
There are many different possible types of flapping mechanisms. The basic objective is 
to convert rotary motion into a flapping motion. The four bar linkage and the 
slider-crank configurations are usually used and depending on the arrangement and 
relative dimensions, an almost synchronized flapping motion with the preferred 
amplitude can be achieved.  
 
However, the kinematics and efficiency of the various mechanisms are all different. 
Some mechanisms are more efficient; require less torque and lower noise output. Hence, 
it is important to analyze different mechanisms to determine the best type of flapping 
mechanism. 
 
There are two main objectives to be met in the selection process. First is to determine 
the mechanism and configuration which require the least amount of maximum torque to 
flap. A lower maximum torque requirement will mean a lower load and power 
requirement for the motor. As a result, a smaller motor can be used to power the EPO.  
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Secondly, the transmission angle for the mechanism is computed. Transmission angle is 
a good indicator of the quality of the mechanism, the accuracy of its performance and 
its expected noise output. There is no standard rule for good transmission angles. 
However, the more the transmission angle deviates from 90o, the poorer the torque 
transmission. According to Kimbrell (1990), the transmission angles should not be less 
than 40o or greater than 120o for smooth operation of the mechanism. However, 
according to the online university notes from University of Notre Dame (see 
references), the optimal range is between 30o and 150o. Nevertheless, very small or 
large transmission angles will result in large errors of motion and high noise level. 
 
The methodology of the mechanism selection process is as follows:  
1. Mechanism selection 
2. Dimension selection of each mechanism 
3. Analysis of mechanisms 
After the best mechanism has been selected, the simulation will be repeated to 
determine the new torque required when the membrane is attached onto the spars of the 
selected mechanism. This will aid in the preliminary selection of suitable motors for the 
EPO. 
4.3.1 Mechanism Selection 
There are many types of mechanisms which can convert rotary motion into flapping 
motion. These mechanisms are discussed in books which study the mechanism 
4. Prototype Design and Analysis  
Dynamics and Control of a Flapping Wing Aircraft  61 
synthesis or on some ornithopter websites. Those mechanisms which are applicable are 
shown from figure 4.11 to 4.16. 
This mechanism has been found in 
some rubber-powered ornithopter toys 
which look like butterfly. 
The rubber-powered “Freebird”, 
found in the “Flapping Flight” website 
(http://www.ornithopter.org) uses this 
mechanism to flap. 
The famous rubber-powered 
ornithopter toy “Timbird” flaps using 
this mechanism. 
This mechanism has been found in the 
ornithopters of some hobby modelers. 
 
Figure 4.11: Flap Mechanism A 
Figure 4.12: Flap Mechanism B 
Figure 4.13: Flap Mechanism C 
Figure 4.14: Flap Mechanism D 
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The Korean-manufactured “Cybird”  
(a 1.20m radio controlled ornithopter) 
uses this mechanism. 
 
This mechanism had been used by 
Delaurier (1993a) in his ornithopter. 
 
4.3.2 Dimension Selection of Each Mechanism 
There are infinitely many possible sets of dimensions for each of the mechanisms. 
However, if the dimensions are large, this means that the overall EPO will be heavy. On 
the other hand, if the mechanism is too small, it will be difficult to manufacture and it 
may not be able to withstand the stress and vibration due to the flapping. Given that the 
wingspan of the proposed EPO is 60cm, an appropriate dimension for the flap 
mechanism would be within a 5cm by 5cm square.  
 
Another important criterion is to obtain approximately synchronized motion for the 
mechanism. The left and right wing of the ornithopter must be made to flap in a 
synchronized manner or else instability will occur. In some mechanisms such as D, E 
Figure 4.15: Flap Mechanism E 
Figure 4.16: Flap Mechanism F 
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and F, the motions generated are inherently synchronized. However for A, B and C, the 
motions will only be synchronized if the correct dimensions are chosen. 
 
Lastly, in order to ensure a fair comparison of the torque requirement later, the 
maximum flapping angle for all the mechanisms is ±30o. This angle is chosen because 
birds typically flap at this angle. All the mechanisms except F are four-bar linkages. 
Hence, the angles can be calculated using displacement analysis. For mechanism F, 
simple trigonometry can be used.  




The easiest way to check for synchronized motion in the four-bar linkage is to use 
analytic position analysis. The detailed formulas and workings can be found in many 
motion analysis textbooks such as Kimbrell (1990). 
 
From figure 4.17, the angle of concern here is g, the flapping angle or the angle the 
rocker made with the horizontal. For each value of the input crank q, the flapping angle 
Figure 4.17: Four-bar Linkage 
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for the left and right wing can be computed and compared. For the motion to be 
synchronized, the value of g for the left and right wing must be equal or very close to 
one another.  
 
Since the computation is rather tedious, it is easier to either write a program or use some 
commercial motion analysis software. For mechanisms D and E, their left and right 
flapping motions are inherently synchronized. Hence, a simple excel file using macros 
has been written to produce flapping motion of ±30o using the analytic displacement 
analysis formulas. However, for mechanisms A, B and C, the dimensions of the various 
components such as conrod and crank have to be carefully chosen to ensure that their 
motion will be synchronized. This makes the analysis much more complicated. In the 
internet, there is a website on flapping wing called “Flapping Flight” (see references). 
On the site, there is a javascript which enables one to compute, compare and visualize 
the flapping motion for mechanism A, B and C. It is very user-friendly and suits the 
purpose perfectly. The lengths of the components are entered into the javascript and a 
graph is plotted between the left and right wing. From this graph, one can check if they 
are synchronized. Since there are infinitely many combinations of dimensions for the 
various components such as conrod and crank, the selection can only be done using 
mainly trial and error. 
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Figure 4.18: The program and graph output of the flapping javascript 
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Lever - Length of the wing lever 
Height - vertical distance between the crankshaft and the wing hinges 
Crank 1 – Length of first crank 
Crank 2 – Length of second crank (if present) 
Crank bend angle – Angle between crank 1 and 2 (if applicable) 
Conrod – Length of rod attaching lever and crank 
Width – Distance between the wing hinges (fixed points) 
Table 4.2: Dimensions for mechanisms A and B 
Mechanism A1 A2 A3 B1 B2 
Lever 1.5 1.0 1.0 1.0 2.15 
Height 1.5 1.0 1.0 2.65 4.1 
Crank 1 0.75 0.5 0.5 0.5 1.0 
Figure 4.19: Mechanism A, B and C 
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Crank 2 0.75 1.0 1.0 0.35 0.85 
Angle 180 180 180 110 115 
Conrod 2.1 1.4 1.0 2.8 4.5 
Width 4.0 2.8 2.0 0.2 0.2 
 
Table 4.3: Dimensions for mechanisms B and C 
Mechanism B3 C1 C2 C3 
Lever 1.4 2.0 1.0 1.6 
Height 3.1 2.6 1.5 3.0 
Crank 1 0.7 1.0 0.5 0.8 
Crank 2 0.5 0 0 0 
Angle 115 0 0 0 
Conrod 3.4 2.6 1.5 3.0 
Width 0.2 3.8 1.85 3.0 
 
4.3.2.1.2 Dimensions for Mechanism D and E 
Figure 4.20: Mechanism D (left) and E (right) 
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Legend 
The legend for mechanism D and E is similar to mechanism A, B and C except for 
Gear radius – Radius of the gear 
Gear distance – Horizontal distance between centre of gear and the centre fixed point 
Table 4.4: Dimensions for mechanisms D and E 
Mechanism D1 D2 D3 E1 E2 E3 
Lever 1.0 1.0 1.0 1.0 1.0 1.7 
Height 2.45 2.95 3.45 2.9 1.8 2.5 
Gear radius 0.5 0.5 0.5 0.5 0.5 0.8 
Gear 
distance 
0.4 0.3 0.4 0.8 0.8 1.5 
Conrod 2.5 3.0 3.5 2.9 1.8 3.1 
 
4.3.2.2 Slider Crank Linkage Dimension Selection (mechanism F) 
This mechanism is similar to the slider crank linkage. The motion is inherently 
synchronized and hence its dimensions can be easily obtained using simple 
trigonometry. 
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Width – Distance between the 2 fixed points 
Board – Width of centre horizontal surface 
Table 4.5 shows the dimensions of the various mechanisms which produce 
synchronized motion of ±30o. 
Table 4.5: Dimensions for mechanisms F 
Mechanism F1 F2 F3 
Width 2.7 2.7 4.95 
Height 1.0 1.5 2.0 
Board 1.0 1.0 1.0 
Crank 0.5 0.5 1.0 
Conrod 1.0 1.5 1.5 
 
Figure 4.21: Mechanism F 
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4.3.3 Analysis of Mechanisms 
After the dimensions for the mechanisms have been finalized, the next step is to analyze 
their torque requirement and transmission angle. Of these 2 factors, the former is more 
important because its influence is more direct. Comparatively, transmission angle is 
more subtle and the criterion for good transmission angle is also much more relaxed. 
Hence, torque analysis shall be carried out on each mechanism first. Thereafter, the 
transmission angle analysis will be performed on mechanisms with lower torque 
requirement to select the best mechanism.  
 
4.3.3.1 Torque Analysis 
In order to find out the torque required, the mechanism concerned must first undergo 
velocity and acceleration analysis before doing a torque analysis. The calculation is 
straightforward but it is very tedious since the same calculation has to be repeated for 
each crank angle. The formulas and various methods to obtain the torque requirement 
can be found in Kimbrell (1990). On the other hand, a computer program can be written 
from scratch. However, a more feasible solution is to use commercially available 
motion software to perform these analyses.  
 
There are many types of kinematics analysis software available. Some of the more 
popular ones include A.D.A.M.S., VisualNastran 4D and Working Model 2D Textbook 
Edition by MSC. A.D.A.M.S and VisualNastran 4D are able to analyze in a 3D 
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environment and hence they are much more complex. On the other hand, Working 
Model 2D, as the name implies, can only work in a 2D environment and therefore it is 
much simpler. However, it can be modified to work in 3D space for some special cases. 
The mechanisms analyzed are all 2D and hence Working Model 2D is chosen. 
Moreover, it is also very user-friendly and fast.  
4.3.3.1.1 Procedure 
In order to find the torque, a model of the mechanism is first drawn. The next step is to 
modify the weight of each component in the mechanism to its actual weight in the real 
mechanism. The last step is to attach a “meter” at the driving crankshaft to measure the 
torque requirement and start the simulation. The diagram below shows a typical 
mechanism’s simulation. 
 
4.3.3.1.2 Results and Discussions 
The models have been made to flap at 6Hz. This is because the EPO in the previous 
Figure 4.22: Screenshot of the Working Model 2D software 
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project (Tay, 2001) flap at this frequency. A more detailed analysis will be carried out in 
section 4.4.1 to determine the flapping frequency required by the new EPO to sustain a 
flight. The weight of the leading edge spars have been modelled as 1.5g each, which is 
the weight of the 30cm 2mm diameter carbon rod. Table 4.6 shows that torque 
requirement for the various mechanisms. 
Table 4.6: Torque requirement for the various mechanisms 
Mechanism A1 A2 A3 B1 B2 B3 
Torque(mNm) 19.8 20.9 26.4 35.1 30.2 34.1 
Mechanism C1 C2 C3 D1 D2 D3 
Torque(mNm) 22.0 25.3 18.3 29.1 27.1 24.3 
Mechanism E1 E2 E3 F1 F2 F3 
Torque(mNm) 19.3 22.0 21.3 27.6 23.4 30.4 
 
Results show that different types of mechanisms produces require different amounts of 
maximum torque to flap at an amplitude of ±30o at 6Hz. The mechanism which requires 
the least torque is C3, with A1 and E1 being slightly more. Comparing mechanisms A1 
and B1, the difference is more than 90%. Hence this shows that it is essential to do a 
torque analysis before building the ornithopter’s flapping mechanism. A much bigger 
motor will be required if mechanism B1 is used and this will add unnecessary weight to 
the ornithopter. 
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4.3.3.2 Transmission Angle Analysis 
As discussed earlier, transmission angle should be as close to 90o as possible. This will 




For the 4 bar linkage shown in figure 4.23, its transmission angle b is given by 
2 2 2 2








+ - - +
=     (4.1) 
The transmission angles are computed for the 3 lowest torque mechanisms using 
Microsoft Excel. Their maximum and minimum angles are shown in table 4.7. 
Table 4.7: Max and min angles for mechanism A1, C3 and E1 
Mechanism A1 C3 E1 
Maximum angle(o) 134 121 119 
Minimum angle(o) 58 56 55 
 
The calculations show that the angles are still within acceptable limits. Since C3 has the 
lowest torque requirements, it is chosen as the flapping mechanism for the new EPO. 
Figure 4.23: Transmission angle 
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4.3.4 Torque Analysis for Membrane Wings 
In the torque analysis done earlier, the simulation is done with the leading edge carbon 
spar weighing 1.5g each. No membrane is attached. However, to increase the accuracy 
of the torque estimation, the membrane must be included in the simulation. Its large 
surface area will introduce a significant amount of air resistance and weight. Hence the 
required torque will increase. The present objective is to estimate the amount of torque 
required to flap the whole membrane wing. 
 
The problem of modelling the membrane together with the whole flapping mechanism 
is that this will extend the simulation into a 3D model. However, Working Model is a 
2D software. The problem can still be overcome in the following ways. Firstly, the 
membrane will introduce a certain amount of air resistance and weight. Working Model 
has a built-in “air resistance” function. Its purpose is to introduce the effect of air 
resistance to the whole 2D mechanism. The formula for high speed drag force in the 
program is given by 
2( )( )Force k velocity cross section= -      (4.2) 
Default value of k is 300 g/m2. A more general formula for air resistance is actually 
21
2 d
F C A vr=         (4.3) 
Comparing the two,  
1
2 d
k C r=          (4.4)  
Cd being the drag coefficient while r being the air density. 
The NASA air resistance website (see references) has some typical values for Cd. The 
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one closest to the membrane is that of a flat plate, which has a Cd value of 1.28. With r 
= 1.229 kg/m3,  
1 (1.28)(1.229) 0.787
2
k = =  
Moreover, this formula is meant for 2D objects but the k value can be converted so that 
it will be equivalent to the 3D case (mechanism + membrane).  
 
In the manual of the Working Model 2D, it is stated that “To model air resistance in 3-D, 
you have to modify the air resistance coefficient (k). To model a rectangle, multiply k 
by W (the width of the rectangular box into the screen)”. The membrane has a 
semi-ellipse shape and its total surface area is 0.071 m2. This surface area is equivalent 
to a rectangle of length 0.6m (wingspan) and width 0.12m. Hence, the value of W in this 




If cellophane is used as the membrane, the total weight of each wing will be increased 
to approximately 2.6g. When the simulation is repeated for mechanism E3 with the 
membrane, the new maximum torque required will be 38.7mNm, about 130% more. 
Figure 4.24: Changing the value of k for 3D simulation 
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Hence, this shows that air resistance play a significant role in the torque requirement. 
 
4.3.5 Experimental Verification of Simulation 
In order to assess the accuracy of the simulation, it is essential to perform some form of 
experimental verification. The EPO in the previous project (Tay, 2001) uses a Hiline 
Micro 4 motor and flaps at approximately 6Hz2. The membrane wings used are exactly 
the same as the ones used in the simulation. However, the mechanism used for the 
previous EPO (Tay, 2001) is B2. Hence, the simulation is repeated using mechanism B2 
with air resistance. The wing used at that time weighs about 3.0g. This includes the 
carbon wing spar, membrane and the bamboo inboard as described earlier. The 
specification and operating conditions of the Micro-4 motor are given in table 4.8 and 
4.9 respectively. 
Table 4.8: Micro-4 motor specification 
Speed constant kN / 
rpm/V3 
Torque constant kM 
/ mNm/A4 
No-load current I0 / 
A 
Resistance R / W 
9990 0.9559 0.4 0.65 
                                                
2 The flapping rate stated by Tay (2001) is 7 to 10 Hz and is measured using a tachometer. However, a 
repeated measurement using digital video camera shows that the flapping rate is actually 6Hz.  
3 rpm/V represents revolutions per minute per volt 
4 mNm/A represents milli-Newton metre (10-3 Newton metre) per ampere 
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Table 4.9: Measured values during operation 
Voltage / V Current / I Gear ratio G 
3.5 2.5 50:1 
 
According to Faulhaber (2002) and Ezone (Stabler, 2003), the torque output, M0 can be 
calculated as follow: 
Torque input (before gear reduction), Mi = kM(I – I0) = 2mNm 
Torque output (after gear reduction), M0 = G(Mi)(h5) = 60 - 70mNm. 







=  = 6.2 Hz 
 
Table 4.10: Simulation and experimental results 
 Simulation Experimental 
Torque / mNm 60.4 60 - 70 
Speed / Hz 6.2 6 
 
Results show that the calculated values agree well with the actual ones. Hence, the 
simulation done has been verified. 
 
                                                
5 Typical value of a commercial 4-stage gearbox is from 0.6 to 0.7 
6 Calculated speed is the theoretical expected speed obtained using formula while experimental speed is 
obtained using a digital video camera.  
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4.4 Prototype Building and Development 
Earlier sections have already covered the flapping mechanism and wing design. The 
following sub sections shall concentrate on the flapping frequency and motor/gear ratio 
selection. At the same time, other miscellaneous parts of the EPO will also be briefly 
described. The detailed descriptions can be found in appendix A2.3. The prototype has 
gone through numerous stages of modification to improve its performance and 
durability.  
4.4.1 Flapping Frequency 
Previously, the EPO built flaps at around 6 Hz and the gearbox reduction is 50:1 (Tay, 
2001). This value is chosen because it is the maximum possible frequency without 
overheating the micro-4 motor. The maximum current drawn by the motor is 2.5 A and 
that is precisely the current that the motor is drawing when the EPO is flapping at 6 Hz. 
However, as stated earlier, the EPO cannot achieve sustained flight. Hence, it is not 
clear if it is due to the flapping rate since there is no way of determining the lowest 
possible frequency for sustained flight at that time. 
 
A formula to predict the flapping frequency of a bird in cruising flight has been 
proposed by Pennycuick (1996) by comparing the flapping frequencies of 15 species of 
birds. The formula is given by the following equation first described in section 2.2, 
equation (2.1) 
3 1 31 23
8 3 82 24f m g b S r
- --
=  
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Substituting the EPO’s configuration into this formula gives a frequency of 3.7Hz. 
However, this is not a fair comparison because the birds’ wings are much more 
efficient. 
 
On the other hand, there are much larger ornithopters sold on the internet which use 
membrane wings. One of the more popular ones is the Park Hawk. It has a wingspan of 
120cm and weighs 425g. Flapping frequency is approximately 6Hz. If Pennycuick’s 
formula is used, the predicted frequency is 2.7Hz. Hence, for sustained flight, Park 
Hawk’s membrane wings have to flap 2.2 times more compared to the birds’ wings. 
Using this analogy, it can be assumed that the new EPO needs to flap at least 3.7 x 2.2 = 
8.1Hz. The results are shown in table 4.11. This perhaps explains why the previously 
built EPO is not able to achieve sustained flight. Therefore, the flapping rate of the new 
EPO must be at least 8Hz. 
 
Table 4.11: Calculation of the expected frequency 
 Previously Built EPO Park Hawk 
Mass, m (kg) 0.050 0.425 
Acceleration, g (m/s2) 9.81 
Wingspan, b (m) 0.6 1.2 
Surface area, S (m2) 0.07 0.283 
Air density r (kg/m3) 1.23 1.23 
Predicted frequency, f (Hz) 3.7 2.7 
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4.4.2 Motor and Gear Ratio 
The main criteria in the selection of motors are light weight and high torque. 
Unfortunately, these 2 factors are actually inter-dependent because usually heavier 
motors will generate more torque. Unlike fixed wing aircraft, ornithopters require a lot 
more power to flap. Current motors rotate very fast but generate only small amounts of 
torque. Hence, a gearbox must be used. The criteria for a good gearbox are lightweight 
and efficient.  
 
The motor used in the previous prototype (Tay, 2001) is a Hiline Micro-4. It weighs 
only 10g but has a power output of up to 4W. This is considered rather high because 
other motors of similar dimensions such as those by Maxon or Faulhaber7 have only 
power output of 0.7 to 1.5W. However, it has a very high current consumption as well. 
The current drawn by the motor is 2.5A. Some types of batteries may not be able to 
supply this amount of current. Even if they can supply it, it will drain their energy in a 
very short time. Hence, there is a need to search for better motors. 
 
With the help of the simulation, we can now select the appropriate motor more easily 
and accurately. After extensive search on the internet, 4 motors of similar weight have 
been short listed. Their specifications are shown in table 4.12. In addition, the Micro-4 
motor is also included for comparison.  
                                                
7 Industrial motor companies 
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constant kN / 
rpm/V 




2.24 1.68 2.2 1.87 0.96 
No-load 
current I0 / 
A 
0.035 0.13 0.025 0.045 0.4 
Resistance 
R / W 
2.5 1.26 2.1 1.8 0.65 
Weight W / 
g 
10 13 10 11 11 
Rated 
Power P / W 
4.0 2.5 4.0 1.58 4.0 
 
                                                
8 It is acceptable to exceed the power output for short duration of less than 10 minutes as long as there is 
sufficient cooling. 
4. Prototype Design and Analysis  
Dynamics and Control of a Flapping Wing Aircraft  82 
The objective is to find the lightest motor which can deliver the required torque and 
speed using the least amount of current. From the simulation and frequency prediction, 
torque and speed required are 52.3mNm and 480rpm respectively. Power output is 
therefore calculated to be 2.6W. The voltage used, V is 6.6V, which is equivalent to the 
voltage of 2 lithium polymer batteries under load (Refer to discharge graph at appendix 
A2.4.2). More details will be elaborated in the battery section. 




= +        (4.5) 
Torque required,     0 iM M G h= ´ ´
9      (4.6) 




=        (4.7) 
These 3 equations can be combined to give 2 independent equations with 2 unknowns, 
G and I. The results are shown in table 4.13. 
 
Table 4.13: Gear ratio and current requirement for different motors 
Motor DC5-2.4 RF-N60CA Firefly 1319S Micro-4 
Gear ratio 39 64 45 52 121 
Current I / A 0.89 0.94 0.78 0.94 1.16 
 
From the results, the Astro firefly motor is the best among the lot. The firefly motor is 
thus selected. Moreover it also has a 16:1 planetary gearbox available. This will 
                                                
9 Typical efficiencies’ values, h  of a 2-stage (below 30:1), 3-stage (30:1 to 45:1) and 4-stage (above 
45:1) gearbox are 0.8, 0.7 and 0.6 respectively.  
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simplify the construction of gearbox later on. Unfortunately, when the EPO is 
constructed using the firefly motor, it flaps slowly at only 3 to 4Hz. The actual reason is 
still unknown. It could be due to the motor itself being faulty or that the specification 
given by the manufacturer is incorrect. Therefore, the next best motor, DC5-2.4 is 
substituted instead. It has the second lowest current requirement. 
 
4.4.3 Miscellaneous Components of the EPO 
Described here are the brief descriptions of the components of the EPO. More details 
can be found in appendix A2.3. 
4.4.3.1 Gearbox 
The new gearbox is now made of thin plywood which is very light and relatively rigid. 
 
Figure 4.25: Plywood gearbox 
4.4.3.2 Batteries 
The new lithium batteries are now used in place of the Nickel cadmium ones. They are 
much lighter and have higher capacity to weight ratio. 
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Figure 4.26: Lithium battery 
4.4.3.3 Fuselage 
The fuselage now only consists of a 2mm carbon rod. It is very tough and rigid. Hence, 
it does not break during flight tests. It can be seen from figure 4.25. 
4.4.3.4 Tail 
Very thin carbon rods (0.8mm) are again used for the construction of the tail. The 
membrane used to cover the tail is now mylar, which is very light. 
 
Figure 4.27: Carbon rod frame of the tail 
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4.4.4 New EPO Prototype 
  
 
The new EPO is built based on the modifications described earlier. Compared to the 
previous EPO, the new EPO is lighter and yet more robust. Moreover, it is able to flap 
faster. The gearbox used has a ratio of 38:1. The EPO is positioned on a clamp and its 
current consumption is measured using a multimeter. The average current drawn of the  
new EPO is approximately 0.93A. The flapping frequency is 8Hz. The values are 
therefore very close to the simulated ones given in table 4.13. Table 4.14 gives a 
comparison between the new and old EPO. The next step is to conduct flight tests to 
Figure 4.28: Isometric view of the new standard membrane and spring wing EPO 
Figure 4.29 Front and side view of the new EPO 
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assess the flight performance of the new EPO. 
 
Table 4.14: Comparison between the new and old EPO 













4 X NiCd 
50mAh 
16 
2 X Lipoly 
150mAh 
8 
Fuselage Balsa wood 4 Carbon rod 1.5 
Wings 2mm carbon rod 2 X 1.5 
2.2mm carbon 
tube + 1.2mm 
rod 
2 X 0.78 
Membrane Cellophane 2 X 1.5 Mylar 2 X 0.65 
Flapping Mechanism B2 3 C3 3 
Tail Balsa wood 2 Carbon rod 1 
Total Weight 50.2 29.36 
Current Drawn (A) 2.5 0.93 
Flapping Rate (Hz) 6 8 
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4.5 Flight Testing 
4.5.1 Objective 
The objective of the flight testing is to assess the flight performance of a newly 
designed or modified ornithopter and determine the optimal position of the centre of 
gravity (cg) position and tail angle. The factors of interest include airborne time, flight 
path and stability. Stability itself comprises of yaw, pitch and roll. In all, there are 3 
different types of ornithopters tested. The first type is an ornithopter which is fitted with 
the spanwise rigid mylar membrane wings. The second one has spring wings while the 
last type has cambered membrane wings. 
  
4.5.2 Methodology  
The initial plan is to start the test in a low speed wind tunnel to assess its lift and drag 
Figure 4.30: Photo of the old EPO and its gearbox 
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characteristics. After the tests have verified that the ornithopter can be airborne, it will 
be tested outdoors by manual launching. However, due to the lack of a suitable wind 
tunnel, this is not possible.  
 
As a result, the prototype is tested by the hand-launch method right from the start. 
Although this is not a preferred method, it is the only way. Moreover, many steps have 
been done to ensure that the flight tests are as error free as possible.  
 
Initially, the tests are usually conducted in a large indoor environment such as the 
gymnasium. This will minimize any external influence which may affect the reliability 
of the results. This is possible because the ornithopter still cannot be airborne. The cg 
and tail positions are still not optimized and there are some technical problems present 
(as described in section 4.7). During that stage, the size of the gymnasium is more than 
enough. However, as the airborne time increases, the tests have to be conducted 
outdoors on open field and are usually conducted at times when it is less windy.  
 
The variables involved are centre of gravity (cg), tail angle and force at which prototype 
is thrown. Before each flight test, the values of these variables are recorded down. Since 
these variables directly influence one another, 2 of the variables are kept fixed while 1 
is allowed to vary. During the flight, the airborne time is recorded. The flight path and 
stability are also noted. All these data are then tabulated in a log book. For each set of 
variables, the test is done at least twice to ensure that there is no error. If the results for 
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the 2 tests differ, the test will be repeated again. Table 4.15 shows the results of 2 early 
flight tests. Since the parameters are still not optimized, the flight trajectories tend to be 
a bit haphazard. The EPO crashes after a while and hence, the flight times are very 
short. 
Table 4.15: Example of 2 early flight tests’ results 
Flight test 1 2 
cg (from leading edge of 
wing (cm) 
8 6 
Tail angle (o) 5 10 
Force applied High Average 
Airborne time (s) 4 6 
General flight path (Top, 
Side view)    
 
Yaw (o) 0 30o left 
Roll (o) 0 10o 
Pitch (o) +30o followed by –40o 5o 
Comment 
The cg may be too far back 
and hence stalling occurs 
Almost level flight but 
turns left 
 
After each flight test, data such as flight path and stability are analyzed immediately. 
For example, if the ornithopter climbs and stalls, this means that either the cg is too 
backward or the tail angle is too high. If the cg and force applied have been fixed in the 
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current test, the tail angle for the next test will be reduced. Since the ornithopter has 
stalled at that particular tail angle, it will pitch even more if the tail angle is increased. 
Hence, there is no need to conduct experiments for higher tail angles. This will save 
considerable amount of time given that permutation between 3 variables will generate 
many sets of variables. 
 
4.5.3 Results and Discussions 
The paragraphs below discuss about the optimal configuration for each type of 
ornithopter. This conclusion is based on the performance of the numerous flight tests 
conducted on that particular configuration of ornithopter. Hence, it must be stressed 
that this information may not be valid for ornithopters of a different design, especially 
one with a different type of wing design. 
 
4.5.3.1 Prototype with Spanwise Rigid Mylar Membrane Wings 
Mylar membrane has been used for the wings of ornithopters in many designs. Hence it 
is a tried and tested method. The various versions of EPOs weigh between 30 to 35g, 
with the later ones weighing less. The earlier EPOs cannot maintain sustained flight 
mainly because of technical problems which will be elaborated in section 4.7. When the 
technical problems have been solved, the EPOs are able to achieve sustained flight. The 
minimum time required to prove flight sustainability is 15 seconds. A video clip of the 
EPO flying for around 20 seconds has been taken to prove it. The power supply is cut 
4. Prototype Design and Analysis  
Dynamics and Control of a Flapping Wing Aircraft  91 
off to prevent it from flying too far. This is because our EPO does not have any 
guidance or directional control; hence it will continue to fly until the battery power is 
exhausted. Indeed, during one early test flight, our EPO flew continuously until it went 
out of sight. This explains why the flight is aborted after 20 seconds. The EPO could 
have flown for a longer period, and its theoretical value is estimated and presented in 
the following section. 
 
The maximum flight time of the EPO is calculated using the EPO’s current 
consumption and the battery’s capacity. As stated in page 85, the average current 
consumption is 0.93A. Hence, with a battery’s capacity of 140 mAh 
(milli-Ampere-hour), the theoretical flight time is around 9 minutes10.  
 
Flight tests have also shown that the EPO can take up to a payload of approximately 
12g. This is done by adding small weights to the EPO. At about 12g of additional 
weights, the EPO can only achieve approximately level flight and it is not able to climb. 
Therefore, it is estimated that its payload is up to a maximum of 12g.  
 
The next objective is to add remote control capability to the EPO. The design and 
addition of the remote control (RC) components will be discussion in section 4.6. 
                                                
10 The current consumption is measured when the EPO is positioned on a clamp. Hence, the actual 
current consumption during flight may differ by a slight amount. Time = (0.14 X 60) / 0.93 
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4.5.3.1.1 CG Position 
Similar to a fixed wing aircraft, the cg position of the ornithopter is vital to its flight 
performance. Shifting the cg too backwards will cause the ornithopter to climb too 
much and stall. On the other hand, the ornithopter will dive if the cg is too forward.  
In a fixed wing aircraft, the optimum cg position is 1/4 chord length from the leading 
edge. However, for ornithopters with semi-elliptical wings, numerous flight tests 
indicate that the optimum cg position is at the centre of the wing. Coincidently, birds 
also have their cg at the same position. 
 
4.5.3.1.2 Tail Angle 
The main function of the tail is to control the pitch of the ornithopter. The amount of 
pitch is controlled by the tail’s angle. The optimum tail angle is around 5o to 10o. 
Provided the cg is already at its optimum centre position, an angle of 0o will cause the 
ornithopter to glide down slowly. At angles higher than 10o, it will climb very fast and 
stall. The ornithopter weighs around 31g and hence the angle may not be the same for 
ornithopter of a different weight. 
 
4.5.3.1.3 Force Applied 
Since the ornithopter is launched manually, the amount of force at which it is thrown 
can result in different flight performances. It has been found that the ornithopter flies 
best when it is given an initial speed close to its natural flight speed. If the force is too 
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high, the ornithopter may stall even though its cg and tail are already at their optimum 
configurations. This is because a high initial speed will provide an exceptionally high 
temporary lift which the tail angle is not configured for. On the other hand, with a very 
small applied force, the ornithopter may have dived and landed before it reached its 
optimum speed and lift.  
 
4.5.3.1.4 Stability (yaw, pitch, roll) 
The earlier built models are not airborne and can only fly for a few seconds. Variables 
such as cg are usually not at their optimum configurations. As a result, the ornithopter 
will tend to either climb too high and stall or glide down slowly. After the optimum cg 
has been found, the EPO will climb slowly. Hence the pitching problem only occurs in 
the early stages of flight tests. 
 
On the other hand, the yaw and roll problem is more complex. Even after the cg 
problem has been solved, the yawing and rolling still happen frequently and there is no 
definite direction of yawing or rolling. Once yawing and rolling start, it is 
non-recoverable and the EPO will crash shortly.  
 
In fixed wing aircraft, a dihedral wing configuration usually helps to increase stability. 
However, ornithopters’ wings are not fixed. The “average” angle of the ±30o EPO’s 
flapping amplitude is (30-30)/2 = 0o. When the flapping amplitude is changed to +36o, 
-24o (hence an “average” angle of (36-24)/2 = +6o) by reducing the dimension of the 
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conrod from 3cm to 2.85cm, it is noticed that the frequency of yawing or rolling occur 
have decreased significantly. In order to prove that a positive or dihedral “average” 
wing angle improves the stability of the ornithopter, flight tests are repeated with a 
flapping amplitude of +24o, -36o (“average” angle of –6o). The yawing and rolling 
problem indeed decreases. Hence it confirms that a slight positive (dihedral) “average” 
angle improves the stability of the ornithopter.  
 
By the time the ornithopter has managed to become airborne, the optimum 
configuration has already been known. A typical flight path is usually straight with no 
yaw and roll for the first few seconds. The ornithopter will also pitch slightly up and 
climb. After that, it will start to yaw by a small amount and fly in a random direction, 
while continuing to climb slowly.  
 
4.5.3.2 Prototype with Spring Wings 
Spring wing is a new type of wing design. A picture of the prototype can be seen in 
figure 4.28. Flight tests show that the spring wing EPO can also achieve sustained flight 
and has similar payload compared to the normal EPO.  However, its flight speed is 
lower. This indicates that the thrust generated is comparatively less. On the other hand, 
a similar payload at a lower speed shows that its lift capability is better than the normal 
wing. It is usually more difficult to generate lift when the flight speed is lower. The 
better lift capability is probably attributed to the higher flapping frequency, as described 
in the earlier section. Moreover, its low speed can also be advantageous in some 
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situations. 
 
Spring wing is much more complex in design and there are quite a few variables which 
can affect its performance. Hence, its performance can still be improved. 
4.5.3.2.1 CG position, Tail Angle and Force Applied 
The cg position, tail angle and force applied are almost the same as the prototype with 
the spanwise rigid membrane wing. This is because they are very similar in structure 
except for the torsional spring at the centre of the wing. 
 
4.5.3.2.2 Stability (yaw, pitch and roll) 
Although the spring wing EPO flies much slower, it is not as stable as the normal EPO. 
There is no pitching problem but there is still a tendency to roll and yaw even with a 
positive “average” angle. This could have been due to its added flexibility. However the 
spring wing holds much promise with its many advantages. More work is required to 
exploit these advantages. 
 
4.5.3.3 Prototype with Cambered Membrane Wings 
The cambered wing EPO does not perform as well as expected. It usually flies for about 
2 to 3 seconds before diving down abruptly. This happens even after the adjustment of 
its cg position.  
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One of the reasons can be that the cambered bamboos reduce the flexibility of the 
membrane. Hence it is not able to produce thrust. Without the thrust, the cambered 
wings cannot generate lift. In a fixed wing aircraft, the thrust is generated by the 
propeller but in an ornithopter, thrust must be produced by the flapping wings. 
 
Another reason can be due to the shape of the camber. Unlike fixed wing aircraft, there 
is no defined way of finding the optimum camber for the EPO. Hence, shape of the 
camber used may not be suitable for the EPO.  
 
Due to the limited time, it is not possible to conduct more tests on the cambered wing 
EPO. However, cambered membrane wing still has its potential and more thorough 
investigation is required. 
 
4.6 Adding Remote Control (RC) to the EPO 
With a payload of approximately 12g, it is possible to add remote control (RC) to the 
EPO. A search on the internet revealed that the lightest receiver, speed controller and 
servo suitable for the EPO weigh 2.3g, 1.9g and 2.1g respectively (specifications can be 
found at appendix A2.4). The initial plan is to add speed, rudder and elevator control to 
the EPO. The bare weight of a receiver, speed controller and 2 servos are less than the 
payload of 12g. However, with the wires and control surfaces, the total weight of the 
RC-EPO is about 45g. Hence, in the end, only speed and yaw control are added to the 
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RC-EPO. The final weight is about 41g.  
 
Together with the servo and speed controller, the current consumption for the RC-EPO 
will be slightly higher11 and the flight time may be reduced to around 8 minutes. 
However, the current drawn is based on the fact that the motor is running at full throttle. 
Therefore, with a speed controller, the flight time can be longer if the RC-EPO is not 
using full throttle at all times during flight. 
 
4.6.1 Yaw Control Design 
The servo used is the Wes Technik 2.1 Servo. This servo can produce up to 1.47N of 
torque, which is more than sufficient to control the EPO. Two types of yaw control have 
been designed. The first one is similar to the fixed wing RC aircraft, where a rudder is 
used to control the yaw of the EPO. The second design is more closely related to the tail 
of a bird and it has been used in some bigger EPO sold in the market. The size of the 
control surface is typical of RC model airplane of similar dimension. Both designs 
worked but each has its own advantages and disadvantages. These will be elaborated in 
the following sections. 
 
                                                
11 The specification sheets of the servo and speed controller do not give the current drawn. Typical 
values range between 10 to 50mA. Hence, we can only estimate. 
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4.6.1.1 Rudder Design 
A moveable control surface at the tail or rudder is used to control the yaw of the EPO. 
As shown in figure 4.31, the servo is placed near the tail and the rudder will either sway 
left or right depending on the signal from the transmitter.  
 
Rudder control is less responsive but the RC-EPO is also more stable while turning. 
However, the servo is situated just at the end of the tail. Hence, it is very difficult to 
have the cg of the RC-EPO at the centre of the wing, even when the battery is placed 
just in front of the fuselage. Therefore, in this configuration, its cg is slightly behind the 
centre of the wing which is not the optimum position. 
 
4.6.1.2 Rotating Tail Design 
In this design, the whole tail is able to rotate clockwise or anti-clockwise depending on 
the transmitter. There is no vertical stabilizer present and hence it is very similar to the 
tail of the bird.  
 
Since the whole tail rotates during turning, the yaw control is very responsive but 
Figure 4.31: The rudder and a close up view of the servo 
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sometimes, the RC-EPO will roll and crash if the tail rotates too much. However, there 
is no cg problem since the servo is not placed as far back as in the rudder design.  
 
4.7 Problems Encountered 
By using a very systematic engineering approach, instead of merely trial and error, the 
problems encountered have been greatly reduced. The problems usually surface during 
the flight testing of the EPO. One of the problems is the “over-flapping” of the wings. 
‘Over-flapping’ occurs due to momentum and the violent flapping motion, which 
causes the spars to flap past their limit. Figure 4.33 shows a clearer explanation. 
Figure 4.32: Picture of the rotating tail 
Figure 4.33: Downstroke (left) and over-flapping during upstroke (right) 
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In figure 4.33, the downstroke is shown here to perform as normal. During the upstroke 
phase, due to the immense force and momentum developed, the spar, which is joined to 
the connector at a point that is free to rotate (point X), can actually go beyond its limit 
and cause the rocker to also leave its position as shown. This happens after the 
“average” flapping angle has been increased to increase the stability of the EPO. 
 
Once this happens, the wings are not able to flap anymore, and not disconnecting the 
motor will surely result in some damage to the gearbox. Therefore the mechanism must 
be designed such a way that this does not happen, or some preventive measure must be 
taken to avoid it.  
 
One of the solutions is to add “stoppers” to the flapping mechanism. They are fixed 
onto the conrod and are made of plywood. As shown in figure 4.34, the “stoppers” help 
to prevent the spars from over-flapping. 
  
 
Figure 4.34: “Stopper” to prevent “over-flapping” 
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Moreover, the larger the angle between the conrod and lever, the higher the chances of 
“over-flapping”. Therefore, another alternative is to connect the spar to the back of the 
flapping mechanism. The original C3 flapping mechanism instead of the new 
configuration is used but the steel rod is bent in such a way that the “average” flapping 
angle is still positive. In other words, there is an offset angle between the front and back 
portions of the rod.  
   
 
Both methods proved to be extremely effective but the bent steel rod method is 
preferred because the hybrid spar’s carbon tube can be easily slotted into the steel rod. 
Moreover, the wing is placed behind the flapping mechanism. Hence, even if a crash 
occurs, the wing will not be damaged as badly. 
 
Another problem is the slipping between the driving gear and the output crank in the 
gearbox. The crank is usually press-fitted onto the gear and a small amount of glue is 
applied. However, the vibration caused by the high flapping rate causes the crank to 
lose its grip after a few flight tests. This problem slows down the flight testing process 
because the crank and the gear have to be re-serviced after a few tests. This problem is 
Figure 4.35: Bent steel rod 
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finally solved when gears with a hexagonal hole together with hexagonal hollow steel 
cranks are found. Moreover, to prevent the hexagonal hole from getting worn off, 
epoxy is applied to the gear-crank intersection area. No slipping problem happens after 
that. 
4.8 Summary of Prototype Design and Analysis 
The prototype design and analysis have been focusing on designing an EPO which can 
achieve sustained flight. This basic objective has already been accomplished. With a 
leap from a flight time of 5 seconds for the previous EPO (Tay, 2001) to an estimated 
maximum flight time of over 8 minutes for the current models, the results have been 
very encouraging. Remote control has also been added to the EPO.  
 
The design of the EPO has gone through a very systematic engineering approach, 
instead of merely using trial and error. From the wing to the flapping mechanism and 
then the selection of motors, each step has been carefully planned. Although there are 
some minor problems, they are not daunting problems.  
 
Besides membrane wing, 2 new types of wings have also been designed. Although the 
payload of the spring wing EPO is similar to the normal EPO, its slower speed can be 
advantageous in some situations. The cambered wing EPO does not perform as well as 
expected but it still holds much promise with its many advantages. More work is 
required to exploit these advantages.
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5 Conclusion 
In this project, the initial objective is to design a radio controlled EPO which can 
achieve sustained flight for more than 5 minutes. This aim has been accomplished. The 
RC-EPO weighs a total of 41g and is able to fly for an estimated time of 8 minutes. 
 
In addition, 2 new types of wings, the spring and cambered wings have been designed. 
Although the payload of the spring wing EPO is similar to the normal EPO, its slower 
speed can be advantageous in some situations. The cambered wing EPO does not 
perform as well as expected but it still holds much promise with its many advantages. 
More work is required to exploit these advantages. 
 
Remote speed and direction control have also been added to the EPO. Two types of tails 
have been built to control the direction of the EPO with each having its own 
advantages. 
 
A computer program based on DeLaurier’s flapping wing model (1993a) has also been 
written to simulate the aerodynamic performance of flapping flight. In addition to 
predicting flight performance, the code is also able to obtain the domain of parameters 
that allows sustainable flight and optimization computations, subjected to certain 
assumptions and limitations.  
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One conclusion from the simulation is that there exists an optimal flapping frequency 
that produces maximum average lift and propulsive efficiency. This tally with the 
results obtained by Wang (2000). Another conclusion from the results is that flapping 
frequency, maximum flapping angle amplitude and dynamic twist magnitude are 
interdependent for sustainable flight performance. An optimal combination of these 
parameters exists that can produce an optimal average propulsive efficiency. 
 
The program will be useful in the process of designing prototypes of flapping-wing 
vehicles. Unfortunately, when the program is completed, the EPO has already reached 
the final stages of flight testing. Moreover, the wings used by the EPO are membrane 
wings, which is different from the rigid wing simulated in the program. Nevertheless, 
the program enhances our understanding of flapping wing flight and can be used for 
further development of the EPO. 
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6 Recommendations 
6.1 Computational Studies 
There are several limitations in the application of the computer program. 
Improvements can be made in both the mathematical model as well as the code itself. 
Limitations of the current program suggest that the Matlab-code should be modified 
such that the program can evaluate flight performance better. Modifications to the 
code can also be done such as taking into account the geometrical shape or orientation 
of the wing. Wing flexibility can also be accounted for.  
 
Currently, the code assumes a fully turbulent boundary layer. In future versions, the 
code can be modified to take into consideration a smooth surface condition as well. 
Furthermore, the code can also be improved to perform three dimensional 
calculations. This is important since three dimensional effects will probably be 
significant due to the small size of MAVs.  
 
Modifications can be made to the computational model for better representation and 
prediction of the flight performance of the prototype. For instance, the computational 
model used assumes continuous sinusoidal motion with equal times between upstroke 
and downstroke.  The equations can be modified to re-define the wing motion, such as 
a wing motion with unequal downstroke and upstroke, as observed in insects. In 
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addition, the assumptions can also be re-examined and changes can be made 
accordingly to design a mathematical model that is more suitable to the objective of this 
project as well as for a more realistic representation of flapping flight. 
 
6.2 Prototype design and analysis 
Currently, the RC-EPO weighs 41g. With the present design, it is very difficult to 
reduce the weight of the prototype much further.  
 
The payload of the current membrane wing design is very low, only about 12g. With the 
RC components, the RC-EPO has reached its weight limit. Hence, it will not be able to 
fly if some other components are added. Hence, the next focus should be on improving 
the lift and thrust generated by the wings. Birds of similar wingspan such as the pigeon 
can weigh up to 315g. 
 
First of all, 2-D or even 3-D flapping wing motion can be investigated. Birds fly with 
their wingtips following a figure of “8”. Flapping mechanisms can be designed to 
follow this motion. 
 
More studies can also be done on the design of the wing. Presently, the spring wing 
design is used to reduce the wingspan of the wing during upstroke. Although it is able 
to sustain flight in lower speed, its payload does not seem to be better. Cambered wing 
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also does not seem to perform as expected. However, these 2 new types of wings have 
not been studied extensively and hence more experiments should be conducted to 
improve their efficiencies. 
 
Although the maximum torque requirement for the flapping has been greatly reduced as 
a result of torque analysis, more work can be done to further reduce the torque. A more 
systematic way is needed to select the best mechanism. 
 
The minimum flapping frequency required has been estimated using Pennycuick’s 
equation (1996) and results have proven that the new EPO is indeed able to sustain 
flight. However, the estimation does not have a firm theoretical foundation. It is hoped 
that the newly developed program based on Delaurier’s code (1993a) can be modified 
to estimate the required frequency for membrane wing more accurately.
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Appendices 
A1 Computational Studies 
A1.1 Matlab-code for Graphical User Interface 
%Filename:userinterface.m 
  
function varargout = userinterface(varargin) 
 
if nargin == 0  % LAUNCH GUI 
 fig = openfig(mfilename,'reuse'); 
 % Generate a structure of handles to pass to callbacks, and store it.  
 handles = guihandles(fig); 
 guidata(fig, handles); 
 
 if nargout > 0 
  varargout{1} = fig; 
 end 
 
elseif ischar(varargin{1}) % INVOKE NAMED SUBFUNCTION OR CALLBACK 
 try 
  if (nargout) 
   [varargout{1:nargout}] = feval(varargin{:}); % FEVAL switchyard 
  else 
   feval(varargin{:}); % FEVAL switchyard 
  end 
 catch 




function varargout = SI_unit_Callback(h, eventdata, handles, varargin) 
set(handles.USC_unit,'Value',0);             %mutually exclusive radio buttons,SI & USC 
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function varargout = n_input_Callback(h, eventdata, handles, varargin) 
function varargout = m_input_Callback(h, eventdata, handles, varargin) 
function varargout = Density_input_Callback(h, eventdata, handles, varargin) 
function varargout = Viscosity_input_Callback(h, eventdata, handles, varargin) 
 
function varargout = AerofoilType_Callback(h, eventdata, handles, varargin) 
Aerofoil=get(h,'Value'); 
switch Aerofoil     
case 1           %Data for Liebeck LPT 110A 
    set(handles.Alpha0_input,'string', '0.5'); 
    set(handles.EtaS_input,'string','0.98'); 
    set(handles.Cmac_input,'string','0.025'); 
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    set(handles.MaxAlphaStall_input,'string','13.0'); 
     
case 2           %Clear the text fields 
    set(handles.Alpha0_input,'string', ''); 
    set(handles.EtaS_input,'string',''); 
    set(handles.Cmac_input,'string',''); 
    set(handles.MaxAlphaStall_input,'string','');  
end 
 
function varargout = Alpha0_input_Callback(h, eventdata, handles, varargin) 
function varargout = EtaS_input_Callback(h, eventdata, handles, varargin) 
function varargout = Cmac_input_Callback(h, eventdata, handles, varargin) 
function varargout = MaxAlphaStall_input_Callback(h, eventdata, handles, varargin) 
function varargout = WingType_Callback(h, eventdata, handles, varargin) 
 
Species=get(h,'Value'); 
if (Species~=12)&(get(handles.SI_unit,'Value')==1)     
[Weight,Velocity,WingSpan,SectionChord,NumSection,freq,TW,Gam,TA,Be]=speciesData(Species,'SI 
'); 
    set(handles.W_input,'String',Weight); 
    set(handles.U_input,'String',Velocity); 
    set(handles.b_input,'String',WingSpan); 
    set(handles.chord_input,'String',SectionChord);     
    set(handles.n_input,'string',NumSection); 
    set(handles.f_input,'string',freq); 
    set(handles.ThetaW_input,'string',TW); 
    set(handles.Gamma_input,'string',Gam); 
    set(handles.ThetaA_input,'string',TA); 
    set(handles.Beta0_input,'string',Be); 




    set(handles.W_input,'String',Weight); 
    set(handles.U_input,'String',Velocity); 
    set(handles.b_input,'String',WingSpan); 
    set(handles.chord_input,'String',SectionChord);     
    set(handles.n_input,'string',NumSection); 
    set(handles.f_input,'string',freq); 
    set(handles.ThetaW_input,'string',TW); 
    set(handles.Gamma_input,'string',Gam); 
    set(handles.ThetaA_input,'string',TA); 
    set(handles.Beta0_input,'string',Be); 
    
                                                                         Appendices  
Dynamics and Control of a Flapping Wing Aircraft  116 
     
else           % if Others or SELECT selected, clear the fields    
    set(handles.W_input,'String',''); 
    set(handles.U_input,'String', ''); 
    set(handles.b_input,'String',''); 
    set(handles.chord_input,'String','');     
    set(handles.n_input,'string','12'); 
    set(handles.f_input,'string',''); 
    set(handles.ThetaW_input,'string',''); 
    set(handles.Gamma_input,'string',''); 
    set(handles.ThetaA_input,'string',''); 
    set(handles.Beta0_input,'string',''); 
     
    %When UNIT not selected,prompt user to do so 
    if(get(handles.SI_unit,'Value')==0)&(get(handles.USC_unit,'Value')==0)  
        pos_size = get(handles.figure1,'Position'); 
        modaldlg([pos_size(1)+pos_size(3)/4 pos_size(2)+pos_size(4)/2]); 
    end 
end 
 
function varargout = W_input_Callback(h, eventdata, handles, varargin) 
function varargout = U_input_Callback(h, eventdata, handles, varargin) 
function varargout = f_input_Callback(h, eventdata, handles, varargin) 
function varargout = b_input_Callback(h, eventdata, handles, varargin) 
function varargout = chord_input_Callback(h, eventdata, handles, varargin) 
function varargout = ThetaW_input_Callback(h, eventdata, handles, varargin) 
function varargout = Gamma_input_Callback(h, eventdata, handles, varargin) 
function varargout = ThetaA_input_Callback(h, eventdata, handles, varargin) 
function varargout = Beta0_input_Callback(h, eventdata, handles, varargin) 
function varargout = PlotDomain_Callback(h, eventdata, handles, varargin) 
function varargout = Optimisation_Callback(h, eventdata, handles, varargin) 
function varargout = Plot4Figures_Callback(h, eventdata, handles, varargin) 
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%Check that the number of elements in cs = n, number of sections %Display error message   
NumChord=length(cs); 
if(NumChord~=n) 
   pos_size = get(handles.figure1,'Position'); 
   modaldlg2([pos_size(1)+pos_size(3)/4 pos_size(2)+pos_size(4)/2]); 









%Ensure all fields are filled in and with the correct data type(ie.not letters) Display error message  
%For n,m,Density,Viscosity,Alpha0In,EtaS,Cmac,MaxAlphaStall,W,U,f,b,ThetaWIn str2double 
%return NaN if the data is not numerical, is empty or more than one data(separated by space) 
%For cs,GammaIn,ThetaAIn,Beta0 use of str2num return [ ] if data is not numerical. 
%str2num able to evaluate X, X:X:X, 'X Y Z' into [X Y Z] 
 
if isnan(n)|isnan(m)|isnan(Density)|isnan(Viscosity)|isnan(Alpha0In)|isnan(EtaS)|isnan(Cmac)|... 
   isnan(MaxAlphaStallIn)|isnan(W)|isnan(U)|isnan(f)|isnan(b)|isnan(ThetaWIn)|... 
    isempty(cs)|isempty(GammaIn)|isempty(ThetaAIn)|isempty(Beta0)|... 
    ((SIUnit==0)&(USCUnit==0))  %Unit not selected 
    pos_size = get(handles.figure1,'Position'); 
    modaldlg3([pos_size(1)+pos_size(3)/4 pos_size(2)+pos_size(4)/2]); 
    stop 
end 
 
%Var,Variables:GammaIn,ThetaAIn & Beta0  
%Obtain Optimised Values-Condition:requires at least one variable 
%Plot 4 Figures-Condition:Either ThetaA or Gamma varies(not both) 




NoneCheck=0.0; OptCond1=0.0; FigCond1=0.0; 
 
if ((ToPlotDomain==0)&(ToDoOptimisation==0)&(ToPlot4Figs==0)) 
    NoneCheck=1.0; 
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   OptCond1=1.0; 
end 
if ((ToPlot4Figs==1)&(length(GammaIn)>1)&(length(ThetaAIn)>1)) 
    FigCond1=1.0; 
end 
if ((NoneCheck==1)|(OptCond1==1)|(FigCond1==1))%|(FigCond2==1)) 
     pos_size = get(handles.figure1,'Position'); 
     modaldlg4([pos_size(1)+pos_size(3)/4 pos_size(2)+pos_size(4)/2 NoneCheck OptCond1 
FigCond1]); 






Filename:userinterface.fig (refer to figure 3.4) 
 









%1.SPECIFY INPUT PARAMETERS 
%Basic Input-Data 




%Airfoil parameters (constants,defined by Liebeck LPT 110A Airfoil) 
Alpha0=(pi/180)*Alpha0In;     %Angle of section's zero lift line,deg 
%EtaS                                          Leading edge suction efficiency 
%Cmac                                        Moment coeff. about areodynamic centre,to find dMac 
MaxAlphaStall=(pi/180)*MaxAlphaStallIn; 
 %Maximum limit of the areofoil's stall angle,determine flow attached/separated 
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%Wing parameters 
%W=Weight of wing/whole vehicle,N,lb 
%U=Freestream velocity/Flight speed,m/s,ft/s 
%f=Flapping Frequency, Hz 
%b=Wingspan,m,ft 
%cs=cord length for various section,m,ft(Note:user input is in inch if USC)  
if (SIUnit==0) 
    cs=1/12*cs; 
end 
ThetaW=(pi/180)*ThetaWIn;   % Mean pitch angle of chord with respective to flapping axis 
Gamma=(pi/180)*GammaIn;   % Maximum flapping amplitude,deg 
ThetaA=(pi/180)*ThetaAIn;    % Mean Pitch angle of flapping axis w.r.t U,7.5 is in deg 
%Beta0                                         Dynamic Twist,deg/ft 
 
%Calculate t,y,c,AR and k for each section based on geometry of wing and number of sections 
dy=b/(2*n);                 % Width of each section,m,ft 
i=1:2:2*n; 
ys=i*0.5*dy;                % Coordinate along semispan for each section,m,ft 
                      
 
time=0:1/(m*f):1/f;     % Time instants of the flapping cycle 
t=[]; 
for r=1:1:n; 















w=2*pi*f;                                % Flapping frequency in rad/s 
k=w*c/(2*U);                          % Reduced frequency,rad 
 
SurfaceArea=2*dy*sum((cs)');% Assuming each section is rectangular,m2,ft2 
AR=b^2/SurfaceArea;             % Aspect Ratio=b2/surface area of 2 wings 
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%2.COMPUTE PLUNGING & TWISTING MOTION. 
%Assumption:Root Flapping kinematics with no spanwise bending,Phase diff.of -90 between %plunge 
& pitch. 
%time steps of m, and n number of sections per wing 
j=0; 
for ThetaAVal=ThetaA 
    for GammaVal=Gamma 
        for Beta0Val=Beta0  
          j=j+1;   
h=-GammaVal*y.*cos(w*t);                % Plunging displacment of LE in flapping direction,m,ft 
hDot=w*GammaVal*y.*sin(w*t) ;             % 1st Derivative of h, m/s,ft/s 
hDotDot=(w^2)*GammaVal*y.*cos(w*t); % 2nd derivative of h, m/s,ft/s2 
ThetaBar=ThetaAVal+ThetaW;                  % Section's mean pitch angle,constant,rad 
 
dTheta=-Beta0Val*y.*(sin(w*t))*(pi/180);% Dynamically varying pitch angle,Theta-ThetaBar,rad 
Theta=dTheta+ThetaBar;                            % Pitch angle of chord w.r.t U,variable, rad 
ThetaDot=-w*Beta0Val*y.*cos(w*t)*(pi/180);%1st DerivativeofTheta,ThetaDot=dThetaDot,rad/s 
ThetaDotDot=(w^2)*Beta0Val*y.*sin(w*t)*(pi/180); % 2nd Derivative of Theta, rad/s2 
 
 
%3.COMPUTE ANGLE OF ATTACK AND VELOCITIES 
q=Theta-ThetaAVal; 
PlungeVel=hDot.*cos(q);      % Plunging Velocity,m/s, ft/s  
PitchVel=0.75*c.*ThetaDot; % Pitching velocity with radius of rotation of 3/4 to LE,m/s,ft/s 
ForwardVel=U*dTheta;        % Forward Velocity,consider wing,s motion so AOA=dTheta,m/s,ft/s 
 
PlungeVelDot=hDotDot.*cos(q)-hDot.*sin(q).*ThetaDot;  
% 1st derivative of plunging velocity,m/s2,ft/s2  
PitchVelDot=0.75*c.*ThetaDotDot;                  % 1st derivative of Pitching velocity,m/s2,ft/s2 
ForwardVelDot=U*ThetaDot;                            % 1st derivative of Forward Velocity, 
m/s2,ft/s2 
 
Alpha=(PlungeVel+PitchVel+ForwardVel)/U;  %relative aoa at 3/4 chord due to wing's motion,rad 
AlphaDot=(PlungeVelDot+PitchVelDot+ForwardVelDot)/U; % 1st derivative of alpha,rad/s 
 
%Compute Alpha' flows relative AOA at 3/4 chord  
C1=0.5*AR/(2.32+AR);                 % Constant used to compute C'(k) by Scherer(1968) 
C2=0.181+(0.772/AR);                  % Constant used to compute C'(k) 
z=(k.^2)+(C2^2); 
Fk=1-C1*(k.^2)./z;                         % C'(k)=F'(k)+iG'(k) 
Gk=-C1*C2*k./z;                           % C(k)jones=AR/(2+AR)C'(k) 
DownWash=2*(Alpha0+ThetaBar)/(2+AR);  
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% Downwash=downwashVel/U(Anderson 1991),expression(Kuethe&Chow)  
% Downwash due to mean lift produced by Alpha0 and ThetaBar 
 
AlphaPrime=(AR/(2+AR))*(Fk.*Alpha+c.*Gk.*AlphaDot./(2*U.*k))-DownWash; %flows relative 
AOA at 3/4 chord 
 
%V relative flow velocity at 1/4 chord,m/s,ft/s 
V=((U*cos(Theta)-hDot.*sin(q)).^2 + (U*(AlphaPrime+ThetaBar)-0.5*c.*ThetaDot).^2).^0.5; 
Vat=U*cos(Theta)-hDot.*sin(q);                 % Tangential component of flow vel on airfoil  
Van=hDot.*cos(q)+0.5*c.*ThetaDot+U*sin(Theta); % Normal component of flow vel on airfoil 
Va=(Vat.^2+Van.^2).^0.5;                       % Flow velocity on airfoil due to wing's motion  
vDot=U*AlphaDot-0.25*c.*ThetaDotDot;      
% Rate of change of midchord normal vel component due to wings motion 
% Linearised time derivative of Van 
 
 
%4.DECIDE WHETHER FLOW IS ATTACHED OR SEPARATED OVER A SECTION 
%Assumption:Dynamic stall effects are not considered  
%No negative alpha' will occur hence no lower limit 






%5.COMPUTE NORMAL FORCE AND CHORDWISE FORCE FOR ATTACHED FLOW 
CONDITION 
%Compute Normal Force for Attached Flow 
Cn=2*pi*(AlphaPrime+Alpha0+ThetaBar);    % Normal force coefficient 
dNc=Density*U*V.*Cn.*c*dy/2;                     % Section's normal force due to circulation 
dNa=Density*pi*(c.^2).*vDot*dy/4;               % Normal force due to apparent mass effect     
dNattach=Attached.*(dNc+dNa);                    % Section's total normal force with attached flow 
 
%Compute Chordwise Force for Attached Flow 
dDcamber=-pi*Alpha0*(AlphaPrime+ThetaBar)*Density*U.*V.*c*dy;  
 %Chordwise force due to chamber 
 
dTs=EtaS*pi*((AlphaPrime+ThetaBar-0.25*c.*ThetaDot/U).^2)*Density*U.*V.*c*dy; %chordwise 
force due to LE suction 
 
Re=U*c/Viscosity;                     % Reynolds number 
Cdf=0.89./((log10(Re)).^2.58);  % Drag coefficient for turbulent boundary layer by Hoerner(1965) 
dDf=Cdf.*Density.*(Vat.^2).*c*dy/2;    % Chordwise friction drag 
dFx=Attached.*(dTs-dDcamber-dDf);    % Section's total chordwise force with attached flow 
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%6.COMPUTE NORMAL FORCE AND CHORDWISE FORCE FOR SEPARATED FLOW 
CONDITION 
%Assuming totally separated flow occurs abruptly, all chordwise forces are negligible 
%Compute Normal Force for Separated Flow 
Ccfd=1.98;                                     % Crossflow drag coefficient,for high AR flate plate by 
Hoerner 
dNcsep=Ccfd*Density*Va.*Van.*c*dy/2;     % Normal force due to circulation for separated flow 
dNasep=0.5*dNa;                              % Normal force to to apparent mass effect for separated 
flow 
dNsep=Separated.*(dNcsep+dNasep);                % Secton's total normal force with separated flow 
 
 
%7.COMPUTE LIFT, THRUST, POWER & PROPULSIVE EFFICIENCY 
dN=dNattach+dNsep; 
dL=dN.*cos(Theta)+dFx.*sin(Theta);   % Lift acting one each section at diiferent time instants 
dT=dFx.*cos(Theta)-dN.*sin(Theta);    % Trust acting one each section at diiferent time instant 
gammat=GammaVal*cos(w*t);             % Dihedral angle at an instant in the flapping cycle,rad 
Lt=(2*sum((cos(gammat).*dL)'))';        % Instantaneous lift of entire wings 
Tt=(2*sum((dT)'))';                                % Instantaneous thrust of the entire wings 
AveL=(1/(m+1))*sum(Lt);                    % Average lift of the wing for one flapping cycle,N,lb 
AveT=(1/(m+1))*sum(Tt);                    % Average thrust of the wing for one flapping cycle,N,lb 
 
%Power for attached flow 
%dMa=apparent camber and inertia moments  
dMa=-Density*pi*(c.^3)*dy.*((1/16)*ThetaDot*U+(1/128)*c.*ThetaDotDot); 
dMac=Cmac*Density*(U^2)*SurfaceArea*c/2;    




 % Power for separated flow, dMa and dMac ignored 
 
dPin=dPina+dPinsep;                  % Power absorbed by each section at different time instants 
Pint=(2*sum((dPin)'))';               % Instantaneous aerodynamic power absorbed by the whole wing 
AvePin=(1/(m+1))*sum(Pint);   % Average input power throughout the cycle,Nm/s,ftlb/s 
AvePout=AveT*U;                     % Average output power from the wing,Nm/s,ftlb/s 
 
if(AvePin==0) 
    AvePropulsiveEff=0;              % Average propulsive efficiency, make sure AvePin!=0 
else  
    AvePropulsiveEff=AvePout/AvePin; 
end 
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Lift(j)=AveL;                          %N , lb                
Thrust(j)=AveT;                      %N , lb  
PowIn(j)=AvePin;                   %Nm/s=W, ft.lb/s=1.356W 
Eff(j)=AvePropulsiveEff;     
FlapAxisAngle(j)=ThetaAVal/(pi/180); %deg 
MaxFlapAmp(j)=GammaVal/(pi/180);     %deg 
DynamicTwist(j)=Beta0Val;            %m/deg, ft/deg 
        end 




%Determine all "able-to-fly" combinations of ThetaA, Gamma and Beta0 with the following two 
%criteria: 
%1. Average Lift condition:AveL >= Weight 
%2. Average Efficiency condition:0<AvePropulsiveEff<1 
    LCondition=(Lift >= W); 
    EffCondition=((Eff>0)&(Eff<1)); 
    AbleToFly=LCondition&EffCondition; 
    DomainFlapAxisAngle=FlapAxisAngle(isfinite(FlapAxisAngle./AbleToFly)); 
    DomainMaxFlapAmp=MaxFlapAmp(isfinite(MaxFlapAmp./AbleToFly)); 




%PLOTTING DOMAIN OF FLIGHT 
if(ToPlotDomain==1) 
    set(figure,'Name','Domain of Flight') 
    subplot(2,2,1);plot3(DomainFlapAxisAngle,DomainMaxFlapAmp,DomainDynamicTwist,'+b') 
    grid on 
    xlabel('Flapping Axis Angle') 
    ylabel('Max. Flapping Amplitude') 
    if(SIUnit==0)  
        zlabel('DynamicTwist, deg/ft') 
    else 
       zlabel('DynamicTwist, deg/m') 
   end 
   subplot(2,2,2);plot(DomainFlapAxisAngle,DomainMaxFlapAmp,'+b') 
    grid on 
    xlabel('Flapping Axis Angle,deg') 
    ylabel('Max. Flapping Amplitude,deg') 
     
   subplot(2,2,3);plot(DomainFlapAxisAngle,DomainDynamicTwist,'+b') 
                                                                         Appendices  
Dynamics and Control of a Flapping Wing Aircraft  124 
    grid on 
    xlabel('Flapping Axis Angle,deg') 
    if(SIUnit==0)  
        ylabel('DynamicTwist, deg/ft') 
    else 
       ylabel('DynamicTwist, deg/m') 
   end 
    
   subplot(2,2,4);plot(DomainMaxFlapAmp,DomainDynamicTwist,'+b') 
    grid on 
    xlabel('Maximum Flapping Amplitude,deg') 
    if(SIUnit==0)  
        ylabel('DynamicTwist, deg/ft') 
    else 
       ylabel('DynamicTwist, deg/m') 





%Determine the combination of ThetaA,Gamma & Beta0 for maximum propulsive efficiency,Eta  
%and with AveLift greater than weight(i.e able-to-fly,within domain of flight) 
if(ToDoOptimisation==1)    
    DomainEff=Eff(isfinite(Eff./AbleToFly)); 
    DomainLift=Lift(isfinite(Lift./AbleToFly)); 
    DomainThrust=Thrust(isfinite(Thrust./AbleToFly)); 
    if(SIUnit==0)                                                %USC unit for power=ft.lb/s 
        DomainPowIn=1.356*(PowIn(isfinite(PowIn./AbleToFly))); %change unit of power to Watts 
    else 
        DomainPowIn=PowIn(isfinite(PowIn./AbleToFly)); 
    end 
 
    [OptimalEff,I]=max(DomainEff); 
    OptimalThetaA=DomainFlapAxisAngle(I); 
    OptimalGamma=DomainMaxFlapAmp(I); 
    OptimalBeta0=DomainDynamicTwist(I); 
    LiftValue=DomainLift(I); 
    ThrustValue=DomainThrust(I); 
    PowInValue=DomainPowIn(I); 
    
    set(figure,'Name','Optimisation Computation') 
    axis([0 4.5 0 4.5]) 
    axis off 
    text(0,4.5,'Optimal Combination of Maximum Flapping Angle Amplitude,','FontWeight','bold') 
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    text(0,4,'Flapping Axis Angle, & Dynamic Twist:','FontWeight','bold') 
    text(0,3.5,['\Gamma = ',num2str(OptimalGamma),' deg']) 
    text(0,3,['\theta_a = ',num2str(OptimalThetaA),' deg']) 
    if(SIUnit==0)  
        text(0,2.5,['\beta_0 = ',num2str(OptimalBeta0),' deg/ft']) 
        text(0,2,['Average Lift = ',num2str(LiftValue),' lb']) 
        text(0,1.5,['Average Thrust = ',num2str(ThrustValue),' lb']) 
     
else 
        text(0,2.5,['\beta_0 = ',num2str(OptimalBeta0),' deg/m']) 
        text(0,2,['Average Lift = ',num2str(LiftValue),' N']) 
        text(0,1.5,['Average Thrust = ',num2str(ThrustValue),' N']) 
    end 
     
    text(0,0.5,['Maximum Average Propulsive Efficiency = ',num2str(OptimalEff)]) 




%PLOTTING AVERAGE LIFT, THRUST, INPUT POWER & PROPULSIVE EFFICIENCY 
AGAINST DYNAMIC TWIST,BETA0,  
if(ToPlot4Figs==1) 
    leng=length(Beta0);  
    if(leng<14)                                           %less than 14 points to be plotted on each 
curve 
        CP=['-xb';'-+k';'-dr';'-^m'; '-sg';'-vc']; %plot maximum of 6 curves 
    else     
        CP=['-b ';'-k ';'-r ';'-m ';'-g ';'-c '];      %plot maximum of 6 curves 
    end 
     
    if (length(GammaIn)==1)&(length(ThetaAIn)==1) %plot single curve 
        num=1; 
    elseif(length(GammaIn)==1)&(length(ThetaAIn)>1) %plot curves for diff. ThetaA 
        num=length(ThetaAIn); 
    elseif(length(GammaIn)>1)&(length(ThetaAIn)==1) %plot curves for diff. Gamma    
        num=length(GammaIn); 
    end     
  
    first=1; last=leng; 
    L=zeros(num,leng);T=zeros(num,leng); P=zeros(num,leng);E=zeros(num,leng);      
    B=zeros(num,leng);A=zeros(1,length(ThetaAIn));G=zeros(1,length(ThetaAIn)); 
     
for idx=1:1:num 
        L(idx,:)=Lift(first:last); 
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        T(idx,:)=Thrust(first:last); 
        if(SIUnit==0)  
            P(idx,:)=1.356*PowIn(first:last);    
        else    
            P(idx,:)=PowIn(first:last); 
        end 
        E(idx,:)=Eff(first:last); 
        B(idx,:)=Beta0; 
         
        if (length(GammaIn)==1)&(length(ThetaAIn)==1)  
            A(idx)=(ThetaAIn(idx));  G(idx)=(GammaIn(idx));  
        elseif(length(GammaIn)==1)&(length(ThetaAIn)>1)  
            A(idx)=(ThetaAIn(idx)); G(1)=(GammaIn(1));  
        elseif(length(GammaIn)>1)&(length(ThetaAIn)==1)  
            G(idx)=(GammaIn(idx)); A(1)=(ThetaAIn(1));  
        end     
        first=last+1; last=last+leng; 
    end 
     
    for idx=num+1:1:6 
        L(idx,:)=[0];T(idx,:)=[0];P(idx,:)=[0];E(idx,:)=[0];B(idx,:)=[0];A(idx)=[0];  G(idx)=[0];      
        CP(idx,:)='-w '; 
    end 
    set(figure,'Name','Plot of L,T,Pin,Eff Against Dynamic Twist') 
    subplot(2,2,1);plot(B(1,:),L(1,:),CP(1,:),B(2,:),L(2,:),CP(2,:),B(3,:),L(3,:),CP(3,:),... 
                    B(4,:),L(4,:),CP(4,:),B(5,:),L(5,:),CP(5,:),B(6,:),L(6,:),CP(6,:)) 
    if(SIUnit==0) 
        xlabel('Dynamic Twist,deg/ft') 
        ylabel('Average Lift,lb') 
    else 
        xlabel('Dynamic Twist,deg/m') 
        ylabel('Average Lift,N') 
    end 
    grid on     
     
    if (length(GammaIn)==1)&(length(ThetaAIn)==1) 
        title(['For \theta_a =',num2str(A(1)),', \Gamma=',num2str(G(1))],'FontSize',12) 
     
elseif(length(GammaIn)==1)&(length(ThetaAIn)>1) %plot curves for diff. ThetaA    
legend(num2str(A(1)),num2str(A(2)),num2str(A(3)),num2str(A(4)),num2str(A(5)),num2str(A(6))) 
       title(['For \Gamma=',num2str(G(1))],'FontSize',12) 
    
elseif(length(GammaIn)>1)&(length(ThetaAIn)==1) %plot curves for diff. Gamma        
legend(num2str(G(1)),num2str(G(2)),num2str(G(3)),num2str(G(4)),num2str(G(5)),num2str(G(6))) 
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        title(['For \theta_a =',num2str(A(1))],'FontSize',12) 
    end     
     
    subplot(2,2,2); plot(B(1,:),T(1,:),CP(1,:),B(2,:),T(2,:),CP(2,:),B(3,:),T(3,:),CP(3,:),... 
                    B(4,:),T(4,:),CP(4,:),B(5,:),T(5,:),CP(5,:),B(6,:),T(6,:),CP(6,:)) 
    if(SIUnit==0) 
        xlabel('Dynamic Twist,deg/ft') 
        ylabel('Average Thrust,lb') 
    else 
        xlabel('Dynamic Twist,deg/m') 
        ylabel('Average Thrust,N') 
    end 
    grid on  
     
    subplot(2,2,3);plot(B(1,:),P(1,:),CP(1,:),B(2,:),P(2,:),CP(2,:),B(3,:),P(3,:),CP(3,:),... 
                   B(4,:),P(4,:),CP(4,:),B(5,:),P(5,:),CP(5,:),B(6,:),P(6,:),CP(6,:)) 
    ylabel('Average Power Input, W') 
     
    if(SIUnit==0) 
        xlabel('Dynamic Twist,deg/ft') 
    else 
        xlabel('Dynamic Twist,deg/m') 
    end 
    grid on          
 
    subplot(2,2,4);plot(B(1,:),E(1,:),CP(1,:),B(2,:),E(2,:),CP(2,:),B(3,:),E(3,:),CP(3,:),... 
                   B(4,:),E(4,:),CP(4,:),B(5,:),E(5,:),CP(5,:),B(6,:),E(6,:),CP(6,:)) 
    ylabel('Average Propulsive Efficiency') 
    if(SIUnit==0) 
        xlabel('Dynamic Twist,deg/ft') 
    else 
        xlabel('Dynamic Twist,deg/m') 
    end 
    grid on  
      
end 
 
A1.3 Matlab-code for Pop-up Message Boxes 
 
%Filename:modaldlg.m / modaldlg2.m/ modaldlg3.m  
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function answer=modaldlg(varargin) / function answer=modaldlg2(varargin) 
/ function answer=modaldlg3(varargin) 
 
error(nargchk(0,4,nargin)) % function takes only 0 or 4 argument 
if nargin == 0 | isnumeric(varargin{1}) % LAUNCH GUI 
  fig = openfig(mfilename,'reuse'); 
 
  set(fig,'Color',get(0,'defaultUicontrolBackgroundColor')); 
  % Generate a structure of handles to pass to callbacks, and store it.  
  handles = guihandles(fig); 
  guidata(fig, handles); 
   
  % Position figure 
    if nargin == 1 
    pos_size = get(fig,'Position'); 
    pos = varargin{1}; 
    if length(pos) ~= 2 
     error('Input argument must be a 2-element vector') 
    end 
    new_pos = [pos(1) pos(2) pos_size(3) pos_size(4)]; 
    set(fig,'Position',new_pos,'Visible','on') 
    figure(fig) 
    end 
 
 % Wait for callbacks to run and window to be dismissed: 
  uiwait(fig); 
  % the close box - in that case, return 'ok' as the answer, and 
  % don't bother deleting the window! 
  if ~ishandle(fig) 
   answer = 'ok'; 
  else 
     % otherwise, we got here because the user pushed one of the two buttons. 
   % retrieve the latest copy of the 'handles' struct, and return the answer. 
   % Also, we need to delete the window. 
   handles = guidata(fig); 
      answer = handles.answer; 
   delete(fig); 
  end 
 
elseif ischar(varargin{1}) % INVOKE NAMED SUBFUNCTION OR CALLBACK 
 try 
  if (nargout) [varargout{1:nargout}] = feval(varargin{:}); % FEVAL switchyard 
  else feval(varargin{:}); % FEVAL switchyard 
  end 
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 catch 




function varargout = okButton_Callback(h, eventdata, handles, varargin) 







error(nargchk(0,6,nargin)) % function takes only 0 or 4 argument 
if nargin == 0 | isnumeric(varargin{1}) % LAUNCH GUI 
    fig = openfig(mfilename,'reuse'); 
  set(fig,'Color',get(0,'defaultUicontrolBackgroundColor')); 
  handles = guihandles(fig); 
  guidata(fig, handles); 
   
    if nargin == 1 
   pos_size = get(fig,'Position'); 
    input = varargin{1}; 
    %if length(pos) ~= 2 
   %  error('Input argument must be a 2-element vector') 
         %end 
    new_pos = [input(1) input(2) pos_size(3) pos_size(4)]; 
    set(fig,'Position',new_pos,'Visible','on') 
    figure(fig) 
    end 
  
 set(handles.NoneCheck,'Value',input(3)); 
  set(handles.OptCon1,'Value',input(4)); 
  set(handles.FigCon1,'Value',input(5)); 
  %set(handles.FigCond2,'Value',input(6)); 
   
  uiwait(fig); 
  if ~ishandle(fig) 
   answer = 'ok'; 
  else 
        handles = guidata(fig); 
      answer = handles.answer; 
   delete(fig); 
  end 
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elseif ischar(varargin{1})  
 try 
  if (nargout) 
   [varargout{1:nargout}] = feval(varargin{:});  
        else 
   feval(varargin{:});          
end 
    catch 
  disp(lasterr); 
    end 
end 
 
function varargout = okButton_Callback(h, eventdata, handles, varargin) 




function varargout = NoneCheck_Callback(h, eventdata, handles, varargin) 
function varargout = OptCon1_Callback(h, eventdata, handles, varargin) 




%Filename: modaldlg2.fig  
 
Figure A1.1: Dialog box to remind user to select the unit type 
Figure A1.2: Dialog box to ensure section chords is equal to n 
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%Filename: modaldlg4.fig  
 
 
A1.4 Matlab-code for Parameters of Flying Species  
%Filename:speciesData.m  
 
%Obtain input-data of the wing parameters for different flying species 







    NumSection='12'; 
    freq=[]; 
Figure A1.3: Dialog box to ensure correct data type 
Figure A1.4: Dialog box which display help messages 
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    TW=[]; 
    Gam=[]; 
    TA=[]; 
    Be=[]; 
    Weight=[]; 
    Velocity=[]; 
    WingSpan=[]; 
    SectionChord=[];  
     
%Data for Pterosaur Replica     
case 2          
    NumSection='12'; freq='1.2'; TW='0'; Gam='0:1:40'; TA='7:0.1:8'; 
     
    if (UnitType=='SI ') 
        Weight='177.92'; Velocity='13.411'; WingSpan='5.4864'; 
        SectionChord='0.74422  0.60706  0.51562  0.45212  0.41656  0.41148  0.42418  0.36322      
        0.30988  0.28956  0.23114  0.1270';     
        Be='0:1:17'; 
    
     elseif(UnitType=='USC')    
        Weight='40'; Velocity='44'; WingSpan='18'; 
        SectionChord='29.3  23.9  20.3  17.8  16.4  16.2  16.7  14.3  12.2  11.4  9.1  5.0';     
        Be='0:0.25:5'; 
    end 
  
end 
A1.5 Reynolds Number Calculations 
In this section, the Reynolds (Re) numbers for the flow regime of the various species 
are calculated. The Re number is given by the formula 
Re Du
u
=        (A1.1) 
where D is the characteristic length, u is the velocity, r is the density and u is the 
kinematic viscosity. 
In this case, the characteristic length refers to the mean aerodynamic chord (MAC) of 
the wing of the species. This is required because the chord of the wing varies along the 
                                                                         Appendices  
Dynamics and Control of a Flapping Wing Aircraft  133 







= ç ÷+è ø
    (A1.2) 
where t is the taper ratio, which is given by (Tip chord / Root chord) 
For example, for the bird Corvus monedula, the basic input-data given by Shyy et al. 
(2000) is shown in table A1.1 below. 
 




The wing is divided into 2 parts – 1. from section 1 to 5 and 2. from section 5 to 12. 
Hence the MAC is calculated first for the first part of the wing and then the MAC 
obtained is used as the root chord for the calculation of the second part of the wing. In 
other words, for first part of the wing, 
Rootchord = 3.8in, t = 4.9/3.8. 
Therefore, MAC = 4.373in. This value is becomes the root chord value for the second 
part where Rootchord = 4.373in, t = 1.1/4.373 
Therefore, MAC = 3.063in = characteristic length = D. Doing the necessary conversion, 
the Re number is 5.88X104. Similar calculations can be done for the different species. 
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Table A1.2 gives the Re number for the different species. 
 
Table A1.2: Re number for the different species 
 
Species Pterosaur Corvus 
monedula 
Larus  canus Columba 
livia12 
Re number 5.622X106 5.88X104 6.92X104 1.00X105 
 
                                                
12 In Shyy (2001), the chord length in the basic input-data for the columba livia (pigeon) seems to be 
erroneous since it is not possible for the chord length of any part of the wing to be as large as 13.4in. 
Hence the average wing chord is obtained from Tobalske (1996) instead. 
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A2 Prototype Design and Analysis 
A2.1 Motor Formulas and Calculations 
The following have been extracted from the Ezone website (Stabler, 2003) inside story 
February 2003.  
The generated voltage of a motor and the rpm has a fixed ratio. It is called the rpm 
constant : 
        (A2.1)  
The input power of a DC motor is the terminal voltage times the current: 
       (A2.2) 
The output power from a mechanical point of view is rotor torque times rotating speed 
(in radians per second): 
      (A2.3) 
is the voltage that we can measure at the motor terminals. is the motor current. 
 is the motor resistance. 
       (A2.4) 
The motor torque caused by the idle current is needed to compensate for the friction 
of the bearings and the alternator; we do not see any torque outside the motor from this 
part of the current so we subtract it from the battery current: 
        (A2.5) 
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Now we multiply the effective voltage by the effective current and get the output 
power: 
     (A2.6) 
The efficiency is the ratio between input and output power: 
     (A2.7) 
The rpm can be calculated using equation (1) and (4): 
      (A2.8) 
A formula for the current at the point of maximum power for a given motor can be 
derived from formula (6). 
       (A2.9) 
The motor current at the point of maximum efficiency is: 
           (A2.10) 
 
The motor resistance can be calculated as: 
      (A2.11) 
where 1 and 2 refers to the respective value under 2 different types of loading 
...and the speed constant will be: 
          (A2.12) 
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A2.2 Material Density 
Table A2.1: Densities of common materials 
Material Density (g/cm3) 
Aluminum 6.80 
Steel 8.80 
Carbon rod 1.42 
Balsa wood 0.14 
Hard Wood 0.67 
Bamboo rod 0.60 
Plywood 0.83 
 
A2.3 Prototype Components’ Details 
A2.3.1 Gearbox 
Gearbox is one of the more problematic components because it is difficult to find light 
and high ratio gearboxes meant for small motors. Designing a gearbox is also not easy 
because of the alignment of the gears. Too close an alignment causes the gears to lock 
up while too far an alignment prevents the gears from meshing properly. 
  
In the previous EPO (Tay, 2001), the gearbox is modified from one which is originally 
meant for bigger motors. The unnecessary metallic parts are trimmed off to reduce its 
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weight from 33g to 9g. One problem of this gearbox is that the arrangement of the gears 
resulted in the shifting of the c.g. of the motor towards the left. Hence, it is not an 
optimum design.  
 
The housing for the gearbox also needs to be improved. Aluminium, which is originally 
used, is relatively light but it is too soft. The housing becomes bent when it hits some 
obstacles during flight tests. Although it can be bent back to its original shape, the 
alignment between the gears will have already shifted. Hence, the gears will not run as 
smoothly as before. 
 
Thicker aluminium can be used but the weight of the gearbox will increase. Various 
substitution materials have been tested including different types of wood, Perspex and 
compressed foam. The final material selected is the thin 1.5mm plywood. It is very light 
and does not bend when it hits obstacles. Except for very severe crashes, the plywood 
remains intact. The 2 different designs are shown in figure A2.1. 
 
Figure A2.1: The aluminum modified gearbox (left) and the plywood gearbox (right) 
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A2.3.2 Batteries 
Battery is another component which accounts for a high percentage of the overall 
weight. Nickel cadmium (NiCd) rechargeable battery is used originally because it can 
supply the high amount of current (1.5 to 3.0A) required by the Hiline micro-4 motor. It 
weighs about 3.5g each and has a capacity of 50mAh. With a current drain of 2.5A, it 
can supply current for only 70 seconds. Another type of rechargeable batteries in the 
market is the nickel metal hydride (NiMh). They generally have higher capacity to 
weight ratio but they are not able to supply sufficient current for the micro-4 motor.  
Recently, a new type of rechargeable battery known as the lithium polymer battery 
(Lipoly) has been introduced.  Each cell has a nominal voltage of 3.7V and their 
capacity to weight ratio are much higher than NiCd and NiMh. Comparing between 
NiCd and Lipoly of similar weight, the voltage and capacity are 3 times more. 
Unfortunately, its current discharge is less than half of that of NiCd. Thus, it cannot be 
used to power the micro-4 motor. This is one of the reasons why the micro-4 motor 
needs to be replaced.  
 
The battery used to power the DC5-2.4 motor is the 2-cell Kokam 145mAh Lipoly 
battery pack. The differences between the new and original battery configuration are 
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Table A2.2: Comparison between NiCd and Lipoly battery 
 Voltage / V Capacity / mAh Max I discharge /A Weight /g 
NiCd 4.8 50 3.0 16 





The fuselage of the earlier version of EPO is built using mainly balsa wood because it is 
very light. However, cracks tend to appear after repeated flight tests. The next stage of 
development uses carbon rod as the fuselage. Besides being very tough and rigid, they 
are also very light. Practically none of the carbon rod fuselage breaks during any of the 
flight tests. Moreover, the fuselage has been kept as simple as possible – it only consists 
of a 2mm carbon rod. 
A2.3.4 Tail 
The tail is used to stabilise the ornithopter and also control its direction. In the 
previously built EPO (Tay, 2001), balsa wood and Japanese tissue are used. However, 
the tail tends to break when the EPO crashes. Very thin carbon rods (0.8mm) are used to 
Figure A2.2: Pictures of the NiCd (left) 
and Lipoly battery (right) 
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replace the balsa because they are much tougher. The cover membrane has also been 
changed to mylar since it is lighter. The tail is attached to a small piece of aluminium 
wire which can be bent to change the angle of the tail. With the new tail, it will not be 





A2.4 Radio-control Components’ Specifications 
A2.4.1 LS2.1 Servo 
Table A2.3: Specification of the LS2.1 Servo 
Max deflection (mm) 14 
time to full deflection (s) 0.15 
max output force (g) 150 
operating voltage (V) 3-5 
load current (mA) <100 
 
Figure A2.3: Balsa wood tail (left) and the new carbon rod tail (right) 
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A2.4.2 HF100 Speed Controller 
Table A2.4: HF100 speed controller specification 
Technology 
RISC Microcontroller with DC-DC controller, 
MOS-FET 
Functions Controller, BEC, safe start with Roger・beep 
Operating Voltage (V) 4.2  to 12 
BEC 5 V, max. 1A 
Clock-Frequency (kHz) 100 
Low Voltage Detection 4,2 V with precise 10bit analog/ digital conversion 
Throttle Resolution (steps) 256 
Rpm reduction (V) at < 4.8 
Current: Cont./ Max. (A) 1,5/ 3 
Dimensions (mm): 17 x 9 x 7 
Mass (without wires) (g) 0,9 
Mass (with wires) (g) 1,9 
Figure A2.4: Picture of LS2.1 servo 
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A2.4.3 JMP RX5-2.3 Receiver 
Table A2.5: JMP RX5-2.3 receiver specification 
Frequency Band (MHz) 35, 36, 40, 41 
Power Supply (V) 3.1 – 15 
Dimensions (mm) 23 x13 x 6 
Range (m) Approx. 150 
Selectivity (kHz) 15 




Figure A2.5: Picture of the JMP RX2.3 receiver 
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A2.5 Lithium Polymer Battery  
A2.5.1 Specification 





1 RATED CAPACITY (mAh) 145 
2 NOMINAL VOLTAGE 3.7 
THICKNESS 4.4 ± 0.2 
WIDTH 20.5 ± 0.5 3 
DIMENSION 
(mm) 
HEIGHT 27.5 ± 0.5 
4 WEIGHT (g) 3.5 ± 0.5 
Max. CURRENT (mA) 1.0C 
5 
 CHARGE 
CONDITION VOLTAGE (V) 4.2V ± 0.03 
Max. CURRENT (mA) 2.0C 
6 
 DISCHARGE 
CONDITION VOLTAGE (V) 3.0 
CHARGE (0C)  0℃~45 
7 
 OPERATING 
TEMPERATURE DISCHRGE (0C) -20℃~60 
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Figure A2.6: Discharge graph of the 140mAh Lipoly battery 
